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Introduction and summary 
The study of the neuromuscular system requires a multi-disciplinary approach. It îequires 
among other things a good background in anatomy, neurophysiology and physics. A good 
background in anatomy is required since the anatomy of the neuromuscular system puts 
some constraints on motor performance. Just as the torque motors in a robot arm, which 
determine the upper bounds of acceleration, and the number of joints, which deteimines 
the number of degrees of freedom of t lie robot arm, the architecture of muscles, the oiigin 
and insertion of tendons, and the number of joints provide the upper-bounds on limb ac-
celeration and the complexity of limb movements. The central nervous system, which has 
the task to take care of the neural control of movements, has to have knowledge about the 
neuromuscular properties in order to guarantee adequate motor performance. Similarly, a 
researcher should be familiar with the anatomy of the neuromuscular system, in order to 
be able to understand the neural control of movements. 
Knowledge of the neurophysiology of the motor system is essential since the propeities 
of the various neural pathways from the central nervous system to the spinal cord and 
of the reflex pathways fiom the peripheral effector system to the spinal cord aie compa-
rable to the central processing unit and the feedback loops of a robot. Programming a 
robot for highly complex tasks can be done only when the programmer is familiar with 
the feedback diagram and the computer hardware, which controls the robot. As pait of 
the neurophysiology, the researcher should be familiar with experimental techniques to 
measure electromyographic activity. Finally, a researcher should be familiar with linear 
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and nonlinear systems theory, information theory and other physical and mathematical 
techniques to find optimal control strategies. 
In this Introduction section we will first present a short survey of anatomical and physiolog-
ical knowledge of the neuromuscular system, which is relevant for the research presented in 
this thesis. Second, a physical description of biological control systems is presented. From 
this, several questions will arise, reflecting current problems in research on neuromuscular 
control. After having discussed these current issues, the relevant experimental methods 
will be explained. And finally, a summary will be given of the four chapters which present 
the icsearch articles, describing the studies performed within the framework of this PhD 
pioject. 
1.1 The neuromuscular system 
The neuromuscular system can be defined as the combination of all muscles of a body, 
together with that part of the nervous system which is involved in motor-control function. 
The neuial system includes the spinal cord and many central brain structures, referred 
to as supra-spinal control centers. Muscles are activated by nerve fibers originating from 
the spinal cord. The cell in the spinal cord from which this nerve fiber, also called axon, 
originates is called a motoneuron. Signals from the motoneurons are local changes in 
membrane potential from -100 mV to +100 mV (also called action potentials or AP's) 
which travel with a velocity of about 50 m/s along the axon from the spinal cord to the 
muscle in order to activate the muscle, giving rise to muscle contraction. 
Accoidmg to the generally accepted ideas on muscle activation, recruitment of a mo-
toneuron depends on several factors. First of all it depends on the input from muscle 
leccptors, on input from other cells in the spinal cord, and on input from the central 
nervous system. When the total input exceeds a particular threshold, the motoneuron 
is iecruited and starts to generate action potentials. The recruitment threshold depends 
on the size of the motoneuron soma. When all motoneurons receive an equal amount of 
neural input, the neurons with the smallest soma size will be recruited first. This means 
that when all motoneurons are activated homogeneously, a constant recruitment order 
will exist, starting with the smallest motoneurons and increasing with cell size. Such a 
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Figure 1.1 Schcmatical di awing of the neuromuscular system. 
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fixed recruitment order has been observed for various isometric force tasks, suggesting a 
homogeneous activation of the motoneuron-pool for these tasks. Here, the term isometric 
refers to muscle contraction at a fixed muscle length, i.e. without any limb movement. So, 
when an isometric force is increased slowly, small motoneurons are recruited first, followed 
by motoneurons with a larger soma. 
Muscles are built up by many different muscle fibers. When an action potential (AP) 
reaches the muscle fibers of the muscle, the muscle fibers will contract and will produce 
a force. An AP from one axon does not activate all fibers of the muscle, but only a cer-
tain group of muscle fibers. This group of muscle fibers, together with the corresponding 
motoneuron is called a motor unit (MU). MU's are the smallest contracting units of the 
neuromuscular system. When the MU is recruited, all muscle fibers of the MU will con-
tract simultaneously for approximately one tenth of a second. This contraction is called a 
force twitch. Experiments have shown that different types of MU's exist, each with differ-
ent twitch properties. Some MU's have relatively long twitches with small force outputs, 
whereas others have shorter twitches with relatively large force outputs. A correlation be-
tween various properties of the MU's seems to exist. The so-called slow-twitch MU's are 
generally less fatiguable than the fast-twitch MU's, which mainly correspond to the larger 
motoneurons, recruited at relatively high force levels. The total amount of muscle force 
will eventually be determined by the firing frequency (the number of AP's per second) of 
each MU and the number of MU's which is recruited. This is called the motor output. 
The amplitude of a force twitch, which is produced by a MU, depends on the fact whether 
the muscle stays at constant length, shortens or lengthens during the production of force. 
Therefore, the total amount of muscle force, for a given amount of motor output received 
by the muscle, will be different for isometric situations and for movements. This is referred 
to as the force-velocity relationship of muscles. While lengthening, a muscle can produce 
much larger forces than for shortening at a constant muscle activation. 
In addition to a dependence on the velocity of the change in muscle length, muscle force 
also depends on muscle length itself. At a given activation level, a muscle will produce 
a maximal force output when the overlap between the actin and myosin filaments is op-
timal, which is when the muscle is near the middle of its operating range. Muscle forces 
decrease for positions where the muscle is shorter or longer. For most muscles, the resting 
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lengths are near the center of the physiological range, which is approximately given by the 
difference between the lengths corresponding to maximal flexion and maximal extension 
of the joint(s) which the muscle spans. Summarizing, the amount of muscle force is deter-
mined by the amount of motor output as well as by its length and rate of change in length. 
In addition to the activation of muscles by signals from the spinal cord and from ihe cen-
tral nervous system, there are also feedback signals from the muscles to the spinal cord. 
Two types of sensors giving information about muscle properties to the spinal cord are 
known to exist. The first, called Golgi-tendon organs, send signals to the spinal cord pro-
portional to the amount of muscle force. As is indicated by their name, these organs lie 
within the muscle tendons. The second type of sensors, called muscle spindles, lie within 
the muscle belly and send signals to the spinal cord related to muscle length and to Ihe 
rate of change in muscle length. The sensors project directly to the motoneurons, as well 
as via a network of mutually connected neurons in the spinal cord, the so-called interneu-
rons. The force feedback, by the tendon organs, is thought to be exclusively inhibitory 
and causes a decrease of the motor output. The position and velocity feedback by Ihe 
spindle receptors is mainly excitatory and will cause an increase of the motor output of' the 
homonymous muscle. The sensitivity and range of operation of the muscle spindles is con-
trolled by so-called fusi-motoneurons. also called 7-motoneui'Oiis. These 7-motoneurons do 
not contribute to muscle force, in contrast to the skeleto-motoneurons or Of-motoneurons. 
activating the skeletal muscle fibers. Contraction of the so-called intrafusal muscle fiber 
can cause a spindle to send a signal to the spinal cord without an actual change in muscle 
length. In this way. a change in the motor output can be obtained as could be obtained 
by direct activation of a-motoneurons. The abovementioned structure describes the basic 
features of the reflex system using proprioceptive feedback. Connections between supra-
spinal control centers and the intenieurons and motoneurons enable voluntary control of 
the system. It is generally accepted that the scheme of Fig. 1.2 gives the essentials of the 
neuromuscular system in contact with an external load. 
1.2 Biomechanics 
If we want to describe the properties of biological systems, like the human arm, we prin-
cipally have to focus on mechanics. Mechanics is the field of physics, which describes 
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Figure 1.2 Schematic representation of the control system (From Houk and Ryiner (1981)). 
processes in every day life in terms of energy exchanges and forces. The use of mechanics 
to understand biological systems is called biomechanics. The branch of mechanics which 
focuses on the mutual coherence between forces and movements is called dynamics. In dy­
namics terms like mass (M), viscosity (B) and stiffness (K) play important roles. Besides 
dynamics, the field of kinematics can be distinguished as part of the mechanics. Studies in 
kinematics mainly focus on limb postures. If we focus on biological systems from a kine­
matic point of view, we immediately see that the joints rotate, whereas muscles shorten or 
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lengthen in a "translational way". Movements of a limb in cartesian (usually 3-D) space;, 
therefore, correspond to changes in joint angles, angular velocities, and accelerations in 
joint space, as well as to changes in muscle length corresponding to these joint rotations. 
The torque with respect to a joint is given by the product of the muscle force and the 
moment arm of the muscle with respect to that joint. Similarly, the change; in muscle 
length is given by the product of the change in joint angle and the muscle's moment, arm. 
So we see that in the field of' the kinematics the anatomical knowledge of the moment 
arms of the muscles with respect to the joints plays an important role. Both relations are 
presented in equations 1.1 and 1.2, respectively. Here Τ stands for the joint torque;, .4 
for the memient arm of the muscle with respect to the joint and φ for the muscle force1. 
CÍA stands for an infinitesimal change in muscle length and <1Θ for an infinitesimal angular 
displacement. 
Τ = Α·φ (1.1) 
ά\ = Α-άθ (1.2) 
We will now focus on biomechanical systems from a dynamic point of view. For this, we 
will assume the muscles to act as springs. This means that when a muscle is stretched, 
an opposing force is induced in the muscle. The amount of force is eletermineel by the; 
amount of lengthening and the muscle stiffness. A similar relation can be stated in je)int 
space between joint torque and joint angle. An angular displacement at a joint will in­
duce a change in joint torque which is given by the product of the joint stiffness and the 
amount of angular displacement. Both relations arc presented in equations 1.3 and 1.4, 
respectively. Here К denotes the; muscle stiffness and R the joint stiffness. 
άφ = Κ-άλ (1.3) 
dT = R-dß (1.4) 
In general, joint torque can be related to joint angle Θ, and its derivatives θ and θ by 
T = Ι-Θ + β-à + R-θ, (1.5) 
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where I, β and R represent inertia, viscosity and joint stiffness. We can now combine the 
results of the kinematic and the dynamic approach. In equation 1.1 we calculated the 
joint torque corresponding to a specific muscle force. Adding up these joint torques over 
all muscles (m = 1, 2, 3, • • -M) leads to the total joint torque and should be equal to the 
torque calculated in equation 1.5. 
м 
/ . Aj
m
 • ф
т
 = Ij 
m = 1
 (1.6) 
f = i-e + ß - + R-
1.3 Current issues in neuromuscular control research 
Equation 1.6 gives a physical description of biological systems in contact with the envi-
ronment. This means that in order to give a description of neuromuscular control on a 
muscle level, the values for the moment arms of the muscles with respect to the joints, 
and the values of the dynamical parameters 7, β and R need to be known. Experiments 
have revealed that the values for Ι, β and R are not constant, but depend on the position 
of the limb as well as on the forces exerted by the relevant muscles. 
As was mentioned above, equation 1.6 gives a description of neuromuscular control only 
on a muscle level. The muscle forces are related to the joint torques corresponding to a 
movement or force task. This means that the question how each individual muscle force 
is built up by the contributions of all MU's. each at its own firing frequency, still remains. 
This reflects a second issue in neuromuscular research, concerning the ratio between the 
contributions to the motor output by firing frequency and recruitment of MU's. 
Calculating the contributions of the muscles to the total joint torques reveals that in gen­
eral a unique solution of muscle forces does not exist for each set of joint torques. This 
is caused by the fact that for biological systems the number of muscles spanning a joint 
usually exceeds the number of degrees of freedom of the joint. For instance, the elbow 
joint has four degrees of freedom (flexion/extension and supination/pronation) and over 7 
muscles spanning the joint. This means that many different sets of muscle forces validate 
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equation 1.6. and therefore, there are many dînèrent solutions how to activate the muscles 
in order to obtain a desired joint, torque. Several experiments, however, have revealed, for 
many subjects and tasks, that more or less fixed muscle activation strategies are used for 
each specific task. This indicates that, apparently some underlying principle exists, which 
reduces the many possible muscle activations to a unique activation pattern. The ques-
tion, which underlying principle is involved and how it imposes a unique muscle activation 
pattern is referred to as the load sharing problem. The load sharing problem originates 
from the redundant nature of the human body. This redundancy also occurs at, other 
levels. Wo already met redundancy on the MU level, where a specific muscle force could 
be obtained by many different combinations of recruited MU's and firing frequencies. Also 
on a kinematic level, the redundant, nature of the human body can be observed . Consider, 
for instance, the example of placing a finger tip at a doorbell. This can be done using 
many different arm postures. The research presented in this thesis mainly focuses on (.he 
problem of redundancy on the muscle level and on the MU level. 
The redundant, nature of the human body is sometimes seen as an apparent redundancy. 
This is caused by the fact that, a disfunct.ioning of some part, of the neuromuscular system 
will become evident somehow in motor performance, usually in complex movement, tasks. 
1.4 Experimental methods in neuromuscular research 
In this section electromyographic (EMG) measurements, which were used in the studies 
presented in this thesis, will be discussed. With EMG measurements the electrical po-
tentials related to muscle activation are measured. Two different ways to measure EMG 
activity can be distinguished. First, MU activation can be traced by measuring the AP's 
of individual MU's. Second, an average signal of many AP's from multiple MU's could be 
measured, which is related to a the total amount of motor output, of the muscle. 
By inserting very thin (25 /mi.) insulated wires in a muscle, by means of a hollow injec-
tion needle, single AP's can be measured. The fine-wire electrodes are only conductively 
connected to the interior of' the muscle at the end of the wire, where it is cut. This results 
in the fact that only potentials from a very small pick-up area centered around the end-
point of the wire are measured. Bipolar recordings were performed, which means that the 
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electrical potential of one wire was measured relative to that of a second wire. This means 
that the pick-up area was centered around both end-points. In this way AP's of muscle 
fibers positioned near the end-points could be measured. Because of the different position 
of various MU's relative to the recording sites, the shapes of the AP's of different MU's 
are different. This makes it possible to distinguish between the AP's of different MU's. 
Usually AP's of 2 or 3 different MU's can be measured simultaneously. 
In addition to these intra-muscular electrodes, EMG measurements can also be performed 
using surface electrodes. These, much larger, electrodes are placed on the skin above a 
muscle. This EMG signal represents the weighted contribution of many MU's averaged 
over a relatively large area. This signal, therefore, corresponds to a large part of the 
motor output. Experiments have shown that, for forces until approximately 30 % of the 
maximal muscle force, a more or less proportional measure of muscle force is obtained by 
rectifying and averaging the surface EMG signal. This makes surface EMG an easy way 
of obtaining measures of individual muscle forces. However, the large pick-up area could 
lead to the possibility of measuring EMG signals of more than one muscle with the same 
set of electrodes. This is called cross-talk. Another problem of this method is that only 
EMG signals of superficial muscles can be obtained. Nonetheless, surface EMG is a much 
practiced method in neuromuscular research. 
Another way of using intra-muscular electrodes is to remove the insulation at the end 
of the wires by approximately 1 mm. In this way a mean local signal of many different 
AP's can be measured. The advantage of this method is that the pick-up area is smaller 
than with the surface EMG method, which means that the risk of measuring cross-talk is 
smaller. Moreover, with this method also EMG signals of non-superficial muscles can be 
obtained. 
1.5 Summary 
In this section a short summary will be given for each of the four chapters, which present 
the research articles, describing the studies performed within the framework of my PhD 
project. In chapter 2 a method will be presented estimating the relative contributions of 
individual muscles to joint torque using EMG measurements. Chapter 3 will present the 
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ïesults oí a study investigating the activation of MU's dining movements and isometric 
foice tasks In cliaptei 4 ìeseaich investigating the iole of mono- and bi-aituulai aim 
muscles as a function ol the task will be described And finally in chaptei 5 a siuvey of 
possible models descnbing activation stiategies will be piesented 
1.5.1 C h a p t e r 2 
A surface EMG signal depends not only on the electiical activity within the muscle but 
also on factois like the position of the muscle within the aim possible tat layéis and the 
conductivity of the skin Thciefoie it is not possible with sulfate EMG nieasuitinents 
to obtain absolute4 values foi the amount oí muscle ioice This means that only ι elative 
change's m the amount of EMG obtained at one electtode setting and thus fioin one mus­
cle may be compaied Theiefore it is not possible to distinguish between tontnbutions to 
joint toique by diffeient muscles, oi to deteimme the lelative ( ontiibutions of the \aiious 
muscles to the joint tournes, using siuiace EMG 
Fiom anatomical studies we know that the five muscles which weie taken into cousu lei a-
tion m chaptei 2 will togethei pioduce by fai the mam pait of the elbow-flexion toique 
Assuming that these muscles togethei pioduce the total elbow-flexion tourne means that 
the sum of the contributions to elbow toique oí these muscles should be equal to the total 
elbow toique This means that foi elbow ilexion toiques m the first îelation of equation 1 0 
the summation is ovei M — 5 muscles As was mentioned above, EMG measuiements îe-
sult m piopoitional measines oí the amount oí muscle foi ce, as indicated m equation 1 7 
The factoi EFR relating the amount of muscle foice to the amount oí EMG activity is 
m principle unknown, but may be assumed to be constant over the entne experiment Ιοί 
each elect ι ode setting for muscle foices smallei than appioximately 30 % Combining 
equations 1 6 and 1 7 leads to equation 1 8 relating the total elbow torque to the individ­
ual muscle foices 
EMG = EFBx<f) (17) 
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Using literature values for Am, the moment arm of muscle m with respect to the elbow 
joint, estimations of EFRm can be obtained by simultaneously measuring the EMG ac-
tivity of the five elbow flexor muscles (EMGi, • • • EMGb) and the total exerted elbow 
torque (Teibow), for at least five different force tasks. When the number of relations is equal 
to or larger than the number of unknown parameters (EFRm), estimates of the relative 
contributions of the five muscles to the total elbow torque can be obtained. 
However, this method sometimes may lead to erroneous results. For instance, when two 
muscles reveal identical changes in EMG as a function of the task, the contributions of 
these muscles can not be distinguished with this method. 
To meet this problem, a second method, using intra-muscular EMG measurements, was 
used. The insulation of all intra-muscular electrodes was removed over the same length 
(approximately 1 mm). In this way the pick-up area was more or less the same for all 
electrodes. The assumption was made that the amount of EMG activity, which was mea-
sured in this way from each of the muscles, corresponded to a more or less equal number of 
muscle fibers. Multiplying these amounts of EMG activity with the corresponding cross-
sectional areas of the muscles, which are measures of the total number of muscle fibers 
of the muscles, resulted in rough estimates for the muscle forces. This means that, using 
this method, rough estimates of the relative torque contributions of the muscles can be 
obtained. 
The relative torque contributions obtained with the second method were compared to 
those obtained using the first method. In chapter 2, a regularization procedure is pre-
sented, which calculates a weighted average of the solutions of the first and the second 
method. The ratio with which both solutions are weighted is determined by the regular-
ization parameter. Using this procedure, good estimates of elbow-torque contributions of 
various muscles were obtained for several tasks. 
1.5.2 Chapter 3 
Muscle forces can be produced by many different combinations of MU's, each activated 
at a certain firing frequency. In many tasks, a fixed recruitment order exists, at which 
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the MU's are ieciuited, when the amount of force is increased blowly These results sug-
gest a homogeneous activation of the motoneuron pool for these isometiic tasks Some 
studies (e g Howell et al , 1995, Nardone et al 1989, Smith et al , 1980) have iepoit(d 
deviations from a fixed recruitment order dunng rhythmic movement tasks suggesting a 
diffeient activation of the motoneuion pool dunng these tasks These íesults mspned us 
to investigate the activation behavioi of MU s dunng period« isometiic contact ions and 
rhythmic movements oí the foieaim For both tasks a snnilai pat tern of the foicc of the 
elbow fiexoi muscles ovei time could be expected 
By placing more than one set oí electiodes m the muscle it was possible to measuie simul-
taneously the activation behavioi of seveial MU's foi various iiequencies m both tasks 
Bcfoie investigating the activation behavioi dunng the ihythmic tasks the isometiic u -
ciuitment threshold of each MU was deteinnned This was done by slowly increasing the 
isometric force and measuring the force level at which the MU was reciuited As men-
tioned before, MU's which are lecruited at relatively low isometric forces, geneially îeveal 
relatively long foice twitches with a small foice output, whereas MU's which are ieciuited 
at relatively high isometiic forces, geneially îeveal shoit foice twitches with large force 
output The íesults oí these isometiic experiments revealed a fixed recruitment oidei, in 
agreement with earhei reports 
Dunng the ihythmic tasks most MU's were activated m buists This means that only foi a 
specific paît of the penod the MU was reciuited Some MU's, however, weie not activated 
at all during some tasks, whereas others were active throughout each cycle Гог the lattei 
MU s, the filing frequency varied penodically Comparing the activation behavioi for the 
two rhythmic tasks demonstrated that, for the isometric contractions, the dispeision m 
the timing of the burst of action potentials within the period for the vanous MU's was sig­
nificantly smaller than for the movements Moieovei, some MU's appeared to be activated 
preferably during the isometiic (asks, whereas other MU's revealed the opposite behavior 
and were more active during the movement tasks than during the isometiic tasks The 
íesults of the experiments descrrbed in chapter 3 demonstrate that the activation behavioi 
ior isometric tasks and movement tasks differs significantly 
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1.5.3 Chapter 4 
In contrast to chapter 3, chapter 4 describes experiments investigating the task-dependency 
of muscle activation and not of MU activation. As was discussed before, the activation of 
muscles depends on several aspects. The amount of motor output received by a muscle, to-
gether with the muscle length and possible changes in muscle length determine the amount 
of muscle force. Muscle force, multiplied by the moment arm of the muscle with respect 
to a joint, gives the torque contribution of that muscle with respect to that joint. Finally, 
the sum of the torque contributions of all individual muscles should equal the total torque 
externally produced. In chapter 4, research is described investigating the effect of muscle 
length, changes in muscle length and total torque, on the activation patterns of various 
muscles. For this, subjects were asked to move their wrist with a slow, constant movement 
in a certain direction, while a force was applied to the wrist in a different direction. These 
experiments were repeated at various arm positions. During all experiments, the arm was 
supported in a horizontal plane at shoulder height. EMG signals were measured from 
various mono- and bi-articular shoulder and elbow muscles. Mono-articular muscles are 
muscles spanning one joint, whereas bi-articular muscles span two joints. In this way, the 
activation behavior of the various mono- and bi-articular muscles could be measured as a 
function of the shoulder and elbow torque and as a function of the change in muscle length. 
The experiments described in chapter 4 revealed that the activation of bi-articular mus-
cles is independent of the change in muscle length and therefore only depends on the 
external torques. In contrast to this, the activation of mono-articular muscles depends on 
the torque as well as on the change in muscle length. During movements at which the 
muscle shortens, significantly more EMG activity is measured than during lengthening 
movements. 
1.5.4 Chapter 5 
As explained before, many different possibilities exist for the activation of MU's in or-
der to obtain a certain muscle force or for the activation of muscles to obtain a certain 
joint torque or movement. Experiments measuring muscle activation patterns for various 
tasks revealed that more or less constant activation strategies are used for each task. This 
indicates the existence of some underlying constraints determining the strategies. In the 
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last иЧчасІсь, several models possrbly сіем rrbirig the cooidination of muscle a( tivation have 
been suggested А comparison between the piedictions of these models, as well as a cam­
pai ison to measuied data is piesented m chapter 5 
Geneially we can divide the various models into two groups Models of the first group ran 
lougbly be described as models restili ting the fieedom of having many possible solutions 
ioi a task bv suggesting an extra constraint These constraints can be applied by nummi/ 
rug a certain function lrke the total muscle foice 01 the total amount of metabolic energy 
< onsumption ol muscles This means that in addition to the fa< t that a muscle activation 
pattern should produce the clesrred joint torques, the solution should also correspond lo 
the minimal amount ol muscle force or eneigy consumption Applying one of these niin-
imi/iiig constraints will, thtiefoie lead to a unique set of muscle1 activations and solves 
the redundancy pioblem 
In addition to these phénoménologie al models oí the first group, models of the second 
group have a moie theoretrcal nature These models may be chaiactenzed as models 
looking for possible pseudo-inverses In equation 1 1, the product of muscle foie e and 
moment arm was related to the jomt torque The sum of the joint torques over all muse les 
should be equal to the total amount of joint torque Combining both statements gnes 
f = Αφ ( 1 9 ) 
Hei e Τ e IR'1 is a vector with the η joint torques arrd феШт is a vector with the* m muscle 
toices The component AtJ of matrix A represents the moment arm of muscle j with 
lespeet to joint ι Since the numbei of muscles (m) is laiger than the number oí joints (a) 
the matrix A is not square but rectangular (η χ m) Tlrrs implies that the regular inverse 
of А {А~у) does not exist The îegulai mveise of A is defined as that matrrx {A~l), for 
which the product of A and A"1 on the left (A~l A) and on the right (AA~l) side results in 
the same unity matiix (7) When A is rectangulai (η χ m, with m > τι), it is possible to 
define a partial rnverse for instance only resultmg in a unity matrrx for a multiplication 
of A with A~l fiom the left side This is one of the mam propertres of the pseudo-mveise 
{A+) For a complete definition of pseudo-inverses see Ben-Israel and Greville (1974) 
The search for possible pseudo-mverses {A+), relating a desired set of joint torques (7) 
to a set of muscle forces (φ) as m equation 1 10 is subject of models from the second group 
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(1.10) A+f = φ 
2 

The relative activation of elbow 
flexor muscles in isometric flexion 
and in flexion/extension 
movements 
2.1 Abstract 
Cooidination studies of multi-joint movements suggest, that the Cential Nervous System 
uses some const taints to reduce1 the large number of degrees oí' freedom of the arm To 
gain insight into how the nel joint torque is distributed among the muscles, intramusculai 
EMG tecordings weie made to deteimine the relative activation of five major elbow-ilexor 
muscles during isometric, shortening, and lengthening contractions at three elbow joint 
angles. A regulanzation ptocedure was used to evaluate the effect of two diffeient ap-
proaches used to calculate the relative contribution of elbow flexor muscles to join! torque 
from intramusculai EMG recoidings. The results demonstrate a significant increase of the 
relative contribution of the bi-aiticulai muscles foi more extended elbow joint angles and 
for isotonic tasks relative to isometric tasks. 
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2.2 Introduction 
Due to the number of degrees of freedom m joints and the number of muscles acting 
acioss these joints, multi-jomt movements ran be peiformed in numerous ways Most 
movements, however, îeveal some steieotypieal propeities (Soechting and Flanders, 1991, 
1992 Theeuwen et al , 1994b) This has been interpreted as evidence foi the hypothesis 
that the Centi al Nervous System (CNS) uses some constraints to reduce the riumbei of 
degiees of h pedoni (Beithoz, 1993, Van Ingen Schenau, 1989) In the past a numbei 
oí possible constiamts have been suggested (eg Gielen and Van Ingen Schenau, 1992) 
Finding out whuh of these constraints ate used by the CNS in cooidinating multi-jomt 
movements requires information on the ìelative activation and on the relative contilbution 
to joint torque of the muscles conti muting to the movement 
To deteimme the conti lbution of muscles to joint torque previous studies have relied on op-
timization pioceduies, such as minimizing total muscle force (Yeo, 1970) oi minimization of 
muscle stiess (Cholewicki et al , 1995), and on EMG assisted approaches In general, EMG 
assisted appioaches appear to give better results than the optimization proceduies, which 
do not take EMG activity in account EMG based methods used thus far to obtain the 
relative activation can be divided into two groups The fiist relates the magnitude of the 
iecorded EMG activity directly to the actual force dehveied by a muscle (Buchanan et al , 
1989) The second only considers the lelative changes in the magnitude oí EMG activity 
between the muscles (Buchanan et al , 1993, Cnockaert et a l , 1975, Theeuwen et al , 1996) 
In this paper we present a regularizaron technique (Moro/ov, 1984, Tikhonov and Ars-
enin 1977) which combines the two methods Since surface EMG lecordings aie highly 
dependent on physiological factors we mtiamuscularly iecorded the EMG activity of the 
five most poweiful elbow-flexoi muscles during the peiformance of isometric and isotonic 
ioice tasks at three elbow angles 
2.3 Methods 
The experimental procedures used in this study have been approved by the medical/ethical 
committee of the University of Nijmegen and weie set up in accoidance with the ethical 
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standards laid down in the 1964 Déclaration of Helsinki. The data were collected from 
three male subjects (one subject was recorded twice) ranging in age from 24 to 41. No 
subject had any known history of neurological or musculoskeletal disorder and all gave 
their informed consent prior to eacli experiment. 
2.3.1 Experimental set-up 
The subject, was seated with his right, arm in a horizontal plane through the shoulder 
joint. The forearm was supported by a sling attached to the ceiling. A force transducer 
in the sling confirmed that the vertical force was constant within 2 N. The right shoulder 
was securely strapped to the chair. A lightweight aluminum bracelet was fixed around the 
wrist of the subject and was connected via a cable to a torque motor in such a way that 
the torque motor could pull in various directions. A force transducer in the cable was used 
to measure the horizontal force produced at the wrist (Fig. 2.1). 
EMG activity was measured in three conditions: isometric contractions, isotonic short-
ening (concentric) and isotonic lengthening (eccentric) contractions. The subjects were 
tested in each of these conditions for three elbow joint angles: Θ = 55, 90 and 135°. Full 
extension corresponds to an angle of 180° (Fig. 2.2). The shoulder joint angle was always 
the same (0° ante-flexion) and the hand was always in the middle between full supination 
and pronation. 
For isometric contractions the wrist of the subject was fixated. Subjects were instructed 
to exert a prescribed horizontal force of 30 N at the wrist in 13 different equidistant di­
rections (í>¿) in the range between 180 and 300° (Fig. 2.2). Feedback about the force at 
the wrist was provided on an oscilloscope in front of the subject. 
For lengthening (shortening) contractions the wrist of the subject was pulled back (re-
leased) by the torque motor with a constant speed of 1.5 cm/s, corresponding to angular 
velocities in the elbow between 0 and 3.7"/s, depending on the movement direction and 
the elbow angle. Subjects had to keep the magnitude of the force at 30 N, while the hand 
moved in one of the 13 different directions. The movement was made over a range of about 
20 cm centered at the position in which the isometric contraction was performed. EMG 
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Force 
transducer 
Figure 2.1 Schematic representation of the experimental set-up. 
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90 
180 
Figure 2.2 Schematic representation of the subject in the set-up (top-view) Three different 
positions (Θ — 55, 90 and 135") in whuh subjects were tested aie indicated The dashed cncle 
lepiesents the toique with respect to the elbow as a function of the direction Φ of foicc F with 
constant amplitude 
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activity was recorded, however, only in a range of 6 cm centered around the isometric test 
position to prevent any effects of the force-length relation. Each trial was repeated three 
times. Movements were made in the same 13 directions as the isometric contractions. For 
each direction, task and elbow angle EMG activity was averaged over the three signals 
obtained in the three trials. For each trial the EMG activity at rest was subtracted from 
the mean EMG signal. 
The elbow angle Θ and the direction of force Φ were defined as in Fig. 2.2. The dashed 
circle in Fig. 2.2 represents the torque in the elbow joint when the direction Φ of a force 
with constant amplitude is varied in a range between 180 < Φ, < 360°. The torque is 
plotted in polar coordinates. 
2.3.2 Intramuscular E M G 
We intramuscularly recorded the EMG activity of the biceps breve, biceps longum, brachio-
radialis, brachialis and pronator teres muscles. Fine-wire nylon-coated karma electrodes 
with a diameter of 25 μτη were used. The wires were inserted by means of a hypoder­
mic needle in the middle of the muscle belly. The insulation of the wire was removed 
at the electrode tip over a length of about 1 mm to record an EMG activity which was 
an integrated value obtained over a particular effective volume around the electrode tip 
("Depth EMG"). The length over which the insulation was removed was the same for 
all electrodes. This was verified by careful preparation and inspection of the electrode 
under a microscope. The impedance of the various electrodes was the same within 5 % 
(approximately 0.7 ΜΩ). This means that the effective pick-up volume for the various 
muscles can be considered to be of the same size. 
After amplification and filtering (with a fourth-order Bessel filter; 3-dB high-pass fre­
quency at 3 Hz and '¿-dB low-pass frequency at 150 Hz) the EMG signals were sampled 
at a rate of 500 Hz. The mean amplitude of the rectified EMG activity was taken as the 
amplitude of EMG activity in each trial. 
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2.4 Theory 
The electromyographic activity EMG
m<t($i, Θ) of a muscle rn measured with intramuscu­
lar fine-wire electrodes during the production of a force of 30 N at the wrist in a direction 
Φ, can be expressed by the following equation : 
ЕМв,
пЛ
(Фі, ) = 
EFR,
n
,t{e) • Рт.,(Фи ) • FLRm(Q) • (j^Tgj) • CFm, (2.1) 
where EFRm¿(Q) is the amplitude of EMG activity which a muscle m produces when it 
delivers a force of 1 TV at an angle Θ between the upper arm and forearm. The index t 
refers to a particular motor task (isometric contraction, flexion movement, etc). Therefore, 
EFRmtt{Q) can be considered as the constant in the EMG-force relation which relates the 
force delivered by muscle in to the EMG activity ofthat muscle. F
mtt($i,&) is the force 
delivered by muscle m when a force of 30 N at the wrist is produced in direction Φ, at an 
elbow angle of ". FLRin(B) is a factor accounting for the force-length relation, which 
was necessary since we have been recording at various elbow angles Θ. (VCSA/PCSA)
m 
is the ratio between the cross-sectional area of the effective volume from which the activ­
ity is actually recorded with the intramuscular wires (VCSA) and the total physiological 
cross-sectional area of the corresponding muscle (PCSA). Finally, CFin is a correction 
factor which accounts for several other factors possibly giving rise to a difference in the 
recorded activity between the various electrodes. For example, CF may depend on the 
ratio of the number of muscle fibers of various subpopulations of motor units in the ef­
fective recording volume of the muscle. The factor CF
m
 is similar to the G-factor used 
by Cholewicki et al. (1995). who had to account for the difference in gain between muscles. 
Since the total elbow torque Т(Ф;, θ) must be equal to the sum of the torque contributions 
delivered by each single muscle, we obtain 
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Т((ФІ, ) = £ т
ш
,
Е
( Ф
г
, ) 
m 
= £ { F m , t ( * ¿ , e ) • LAm(e)}, (2.2) 
τη 
where LA
m
(Q) represents the lever arm of muscle m at the elbow joint at an elbow angle 
Θ. Since in our experiments all forces and positions of the arm were in a horizontal plane 
through the shoulder joint (see Methods section 2.3), the direction of the torque was always 
perpendicular to this plane (T = 7" χ F, where χ represents the vector crossproduct). This 
allowed us to replace the vector Т(ФІ, Θ) by the scalar Т(ФІ, Θ). Combining equations 2.1 
and 2.2, we obtain equation 
ΤΚΦ,-,θ) = ¿Г{ЕМСтЛФі, ) • ( ^ щ ) • PCSA
m 
1
 }. (2.3) 
VCSAm • EFR
mt • CK  ,t 
The values for (LA(Q)/FLR(Q))
rn
 at various elbow angles and the values for PCS A were 
obtained from literature. Table 2.1 gives the literature values which have been used in 
this study. 
We define S
rn
 = (VC S A • EFR • CF)~^. The first approach to determine the contribution 
of the various muscles to elbow torque estimated the value of S
m
 for every muscle from 
the set of 13 equations (2.3) using a least squares method. The second approach used 
the same least squares method, but now we imposed the constraint that S
m
 had to be 
the same for every muscle. This assumption implies that every muscle produces the same 
amount of EMG activity intramuscularly recorded per unit volume for a certain activation 
(EFR) and that the product of the effective volume (VCSA) with the correction factor 
(CF
m
) is the same for all muscles. 
Since the first approach allows more variables to be fit, the fit obtained with the first 
approach should always be better than or equal to that obtained by the second approach. 
The first approach is the same as that followed by Buchanan et al. (1993), Cnockaert et al. 
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Table 2.1 Literature values used in the calculations. 
Elbow 
angle 
Biceps Biceps Brachio- Brachialis Pronator 
breve longum radialis lower/upper head teres 
Physiological cross-sectional areas (PCSA) in cm 2 * 
2.4 2.7 1.6 4.5 / 4.5 3.1 
Muscle length in cm t 
33.3 31.2 28.7 7.6 / 15.0 14.0 
Lever arms with respect to the elbow joint (LA) in an * 
55 
90 
135 
4.0 
4.8 
3.2 
4.0 
4.8 
3.2 
7.7 
7.3 
4.3 
3.3 
3.0 
1.7 
2.1 
2.1 
1.1 
Correction factor for the force-length relation (FLR) 
55 
90 
135 
1.0445 
1.0 
1.0499 
1.0479 
1.0 
1.0003 
1.0890 
1.0 
1.1224 
1.2367 / 1.5574 
1.0 / 1.0 
1.0969 / 1.1612 
1.0851 
1.0 
1.0974 
Each value in the table is the average of the literature values. 
Data were obtained from : * An et al. (1981) and Lehmkuhl and Smith (1983). 
t Wood et al. (1989) and Kleweno (1987). 
t Winters and Kleweno (1993) and Van Zuylen et al. (1988b). 
§ Kleweno (1987), Van Zuylen et al. (1988b) and Murray et al. (1995). 
(1975) and by Theeuwen et al. (1996). However, a disadvantage of this approach is that 
when the preferred direction of' a muscle is near 270° (i.e., in the direction of force which 
causes the largest elbow torque; Fig. 2.4), only the activation of this particular muscle is 
taken to fit the total torque produced. The contribution of the other muscles is then set 
to zero, even when these muscles reveal significant EMG activity (Theeuwen et al., 1996). 
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This would imply that the force produced by these other muscles is zero, irrespective of 
the amount of EMG activity of these muscles. Also, when two muscles have more or less 
the same preferred direction this approach only uses the activation of one of these muscles 
to fit the elbow torque and the activation of the others is set to zero. 
We now used a rcgularization procedure to see how the error in the fit changes when we 
gradually go from the first to the second approach. This is done by introducing a pa­
rameter λ (0 < λ < 1) such that when λ = 0 the solution was the least squares solution 
without any constraints on S
m
 (first approach) and such that when A = 1 the solution was 
the one which was found when S
m
 was required to be the same for all muscles (S,
n
 = S, 
second approach). So λ can be seen as the weight factor by which the constraint of S
m 
being the same for all muscles was applied to the least squares method used to solve the 
13 equations. Equation 2.4 describes the error E as a function of λ : 
Ε{χ) = ( 1
"
λ )
Μ тщ—J 
2 
+ λ £ (тт-ΕΜη' (24) 
Note that in the first term the factor S
m
 can be different for each of the various muscles 
and that in the second term the factor 5 is the same for all muscles. 
2.5 Results 
Figure 2.3 shows the amplitude of the EMG activity for various elbow flexor muscles 
as a function of the direction of isometric force at the wrist. For each elbow angle 
the data points lie more or less on a circle, which is in agreement with earlier reports 
(Theeuwen et al., 1994a). The direction which corresponds to the direction of the center 
of a circle fitted to the data will be referred to as the "preferred direction" o f t h a t muscle. 
Table 2.2 lists the mean values of the preferred directions, as well as the mean of the radii 
of the circle fits averaged over all subjects for all muscles and for all test conditions. The 
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data in Fig 2 3 illustrates that the amount of EMG activity for the same fou e \ectoi is 
diffeient foi different elbow joint angles for each muscle One-wav ANOVA tests levealed 
significant differences between the vaiious tasks and elbow angles All significance levels 
are listed in Table 2 3 
Since, the mono-aiticular muscles (biacluoradiahs, biachiahs and pionatoi teies) have 
approximately the same piefen ed directions, the ι elative change in activation foi vai­
ious dnections of force, between these muscles is not veiy laige The same is t ine foi 
the bi-aiticulai muscles Hence the hist appioach to find the ìelative activation of the 
flexoi muscles could not distinguish between the contribution from the biachioiadiahs 
and biachiahs muscles Neithei was it possible to distinguish between the long and shoit 
head of the biceps muscle Moreovei, since the piefeired direction of the b iadnahs and 
biachioiadiahs muscles was (lose to the direction of 270°, the first procedure many times 
a t tnbu ted all torque contributions to the biachiahs and biachioradiahs muscles and thpie-
fore resulted m torque contributions of value zero foi the bi-articular muscles which reveal 
significant amplitudes of EMG activity (see Theoiy section 2 4) It is obvious that this 
solution (λ = 0 solution) can not be a good estimate for the actual ìelative activation of 
the muscles since it frequently ignoies the activation of the bi-articulai muscles 
When, on the other hand, we assume that Sm is the same foi all muscles, we only have 
to find the optimal value of Sm in order to calculate the relative toique contributions to 
the total elbow torque from the îecoided EMG values (λ = 1 solution) S
m
 being equal 
for all muscles means that the EMG muscle-force relation foi intianiusculai EMG activity 
(EFR
m
) is the same for all muscles 
In Fig 2 4 we have plotted the sum of the torque contributions calculated foi λ = 0 ( + ) 
and λ = 1 (о) Figuie 2 4 cleaily shows that the data Ιοί λ = 1 and foi λ = 0 both aie 
similar to the total elbow toique This was the case for all othei experimental paiadigms 
and for all other subjects The mean c u o r over all experimental paradigms in the differ­
ence with the elbow torque (continuous cncle m Fig 2 4) and the fitted toique was 5 2 % 
foi A = 0 and 8 1 % foi λ = 1 As expected (see Methods section 2 3) the fit was slightly 
bettei foi λ = 0, for which more fiee paiameteis were allowed to fit the total torque 
To get an idea of how good the fit was as a function of λ, we plotted in Fig 2 5 the 
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Table 2.2 Mean (averaged over all four subjects) of the preferred directions and radii of the circle 
fits for all experimental paradigms. 
Task Elbow 
angle 
Biceps Biceps Bracino- Brachialis Pronator 
breve longum radialis teres 
Mean preferred direction (deg) 
Isometric 
Isotonic 
shoi tening 
Isotonic 
lengthening 
55 
90 
135 
55 
90 
135 
55 
90 
135 
274(10) 
275(11) 
261(8) 
267(18) 
271(3) 
261(9) 
265(15) 
265(7) 
262(6) 
269(13) 
272(9) 
269(11) 
264(10) 
268(10) 
267(6) 
268(9) 
269(9) 
269(6) 
276(5) 
284(12) 
289(9) 
272(7) 
281(10) 
291(13) 
266(14) 
283(14) 
276(11) 
281(5) 
276(7) 
294(5) 
279(2) 
284(12) 
290(5) 
283(5) 
288(11) 
286(6) 
271(7) 
277(8) 
281(7) 
270(6) 
276(5) 
286(8) 
275(11) 
281(5) 
280(9) 
Mean radii 
Isometric 
Isotonic 
shortening 
Isotonic 
lengthening 
55 
90 
135 
55 
90 
135 
55 
90 
135 
37(5) 
36(17) 
61(24) 
62(26) 
60(24) 
77(25) 
58(16) 
57(24) 
75(24) 
59(22) 
48(10) 
69(20) 
73(27) 
64(12) 
81(20) 
75(22) 
67(11) 
85(18) 
24(11) 
25(11) 
25(9) 
33(7) 
33(12) 
26(9) 
28(7) 
32(8) 
27(7) 
55(26) 
58(31) 
57(21) 
66(31) 
64(33) 
58(22) 
52(22) 
52(27) 
54(23) 
18(11) 
18(13) 
20(12) 
24(12) 
24(18) 
20(13) 
24(14) 
21(14) 
19(12) 
The standard deviations between subjects are given in parentheses. 
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A Biceps breve 
4 
Biceps longum 
4 
270 270 
Brachioradialis 
2 
Brachiahs 
5 
270 270 
Pronator teres 
2 
Figure 2.3 EMG activity of several muscles 
for subject CG for an isometric foice produc­
tion of 30 N'm difFeient directions with respect 
to the forearm for elbow angles of 55 (+). 90 
(o) and 135° (x). A Biceps breve; В Biceps 
longum; С Brachioradialis; D Braclnalis; E 
Pronatoi teres. 
270 
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Table 2.3 Significant differences (*p < 0.05, **p < 0.025, ***p < 0.01, ****p < 0.005), calculated 
with a one-way ANOVA test, in the preferred direction and the mean radii of the EMG activity 
and the estimated torque contributions for forces at the wrist in direction 270° between the various 
tasks and positions. 
Muscle 55° 
vs. 
90° 
55° 
vs. 
135° 
90° 
vs. 
135° 
Isometric 
vs. 
Shortening 
Isometric 
vs. 
Lengthening 
Shortening 
vs. 
Lengthening 
Significant differences in mean preferred direction of EMG activity 
Biceps breve 
Biceps longuni 
Brachioradialis 
Brachialis 
Pronator teres 
* 
T T T T 
* 
't* τ τ Τ 
**** 
** 
* 
** 
** 
** 
* 
Significant differences in mean radii of EMG activity 
Biceps breve 
Biceps longuni 
Brachioradialis 
Brachialis 
Pronator teres 
*** **** 
**** 
**** 
**** 
* 
T T T T 
*#*# 
**** 
*** 
+ * * 
**** 
**** 
**** 
** 
* 
**** 
Significant differences in the estimated torque contributions for forces 
at the wrist in direction 270° 
Biceps breve 
Biceps longuni 
Brachioradialis 
Brachialis 
Pronator teres 
** 
* 
**** 
**** 
**** 
**** 
T T T T 
**** 
**** 
**** 
**** 
**** 
* * * + 
**** 
**** 
**** 
* * + * 
**** 
**** 
The significance levels between the various elbow angles were calculated with the data for the 
various tasks and subjects grouped together, while the significance levels between the various tasks 
were calculated with the data for the various elbow angles and subjects grouped together. 
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Figure 2.4 Sum of the 
toi que conti lbutions cal­
culated for λ = 0 (+) 
and for A = 1 (o) foi sub­
ject CG, for an isometric 
task at an elbow angle 
of 55° The continuous 
line lepicsents the actual 
toi que amplitude in the el­
bow for foices in vanous 
dnections 
270 
relative erroi of the sum of the torque contributions with respect to the total elbow torque 
(equation 2.4) (continuous line). The en or is near 4 % for λ = 0, it increases to about 5 % 
for λ = 0 3. and remains more or less constant for laiger values of λ. To lllustiate how well 
the ratio between predicted muscle torque and the amplitude of the EMG activity vai ics 
for different values of λ, we calculated the ratio Σ{3τη{λ) — S
m
{X = ί))2/ Σ S
m
 (λ = 1) 
m m 
as a measuie foi the diffeience between the estimated coefficients S
m
(X) foi a particular 
value of λ. The result is shown by the dashed line in Fig. 2.5. It is obvious that for small 
values of λ this ratio increases, reflecting the fact that for small values of λ muscles were 
attr ibuted a torque contribution of zero even when they revealed a considerable amount 
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of EMG activity. 
For all experimental paradigms the error functions had the same shape. This means that 
the continuous line always increases by only a small amount as A increases (on the average 
from 5.8 % to 8.1 %) and that the dashed line increases dramatically for every experi­
mental paradigm when λ decreased to zero. The latter means that for A = 0, S
m
 is very 
different for the various muscles. 
Table 2.4 lists the mean of the estimated relative torque contribution of each muscle to 
the total elbow torque for force in direction 270 for all experimental paradigms. The stan­
dard deviations are rather small, indicating a consistent pattern of muscle torques over 
our subjects. The standard deviation reflects the variation between subjects and not the 
standard deviation in the data of one single subject. The latter is typically about 12 % 
of the relative torque contribution. Significance levels for differences between the various 
tasks and elbow angles are listed in Table 2.3. 
In a one-way ANOVA test the relative torque contribution of the biceps muscle appeared 
to be significantly larger for an elbow angle of 135° relative to that at smaller elbow an­
gles. Moreover the torque contribution of the brachioradialis, brachialis and pronator teres 
muscles appeared to be significantly smaller for an elbow angle of 135° relative to smaller 
elbow angles. 
2.6 Discussion 
This study shows that simply measuring EMG activity in several muscles with intramus­
cular electrodes with the same impedance as a direct measure of muscle force gives more 
plausible results for the relative torque contributions than previously used methods. Pre­
vious studies have reported difficulties (Buchanan, 1986) with methods to estiriiate the 
coefficients of a set of equations relating EMG activity of several muscles to muscle torque 
for a highly "redundant" system as the elbow. The problems encountered with a similar 
method in this study are similar to the ones reported by Buchanan (1986). With regard 
to the first method (the method which relates the intramuscular EMG activity directly to 
muscle force) previous studies failed presumably because they used surface EMG rather 
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Figure 2.5 The relative 
error as a function of A 
of the sum of the torque 
contributions with the to­
tal torque produced with 
respect to the elbow (con­
tinuous line). The rela­
tive error as a function of 
λ of the torque contribu­
tions, which wen1 found by 
the least squares method, 
with the torque contribu­
tions, which were found 
assuming 5,„ to be equal 
for all muscles (λ = 1) 
(dashed line) 
/£)(S
m
W-S
m
(A=l)) J \ 
(Subject: BB; task: 
lengthening) . 
than intramuscular EMG. Our method, which uses the same proportionality factor for all 
muscles, relies on several assumptions which were presumably not met in previous studies. 
For example, it assumes the same pick-up area for all electrodes. Also the possibility that 
fibers of motor units of non-activated subpopulations lie within the effective volume may 
influence the magnitude of the EMG activity recorded. In this study these external factors 
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Table 2.4 Torque contributions (in percentages) (averaged over all subjects) of the various 
muscles for force at the wrist in direction 270" for all experimental paradigms. 
Task 
Isometric 
Isotonic 
shortening 
Isotonic 
lengthening 
Elbow 
angle 
55 
90 
135 
55 
90 
135 
55 
90 
135 
Biceps Biceps Bracino- Brachialis Pronator 
breve longum radialis teres 
15.33(0.5) 27.35(2.4) 12.89(2.0) 40.43(3.6) 4.01(0.8) 
16.23(1.4) 26.59(2.4) 12.80(2.1) 40.73(3.7) 3.65(0.8) 
26.51(2.0) 36.34(2.5) 9.05(1.0) 25.31(2.5) 2.79(0.6) 
19.18(1.8) 25.51(1.8) 13.69(1.6) 37.76(3.4) 3.86(0.7) 
22.31(2.3) 26.83(1.9) 12.77(1.5) 34.49(3.7) 3.60(0.8) 
29.28(2.0) 37.36(2.2) 8.12(0.8) 22.82(2.3) 2.42(0.5) 
20.12(1.1) 29.84(2.2) 12.65(1.3) 33.17(3.0) 4.21(0.8) 
22.45(1.7) 30.89(2.2) 13.27(1.4) 30.11(2.8) 3.27(0.7) 
28.59(1.7) 39.08(2.2) 8.65(0.5) 21.35(2.2) 2.32(0.5) 
The standard deviations are given in parentheses. 
are included in the correction factor CFm. The product of the effective cross-sectional area 
(VC S A) and CFm is assumed to be the same for all muscles in the A = 1 solution. 
This study (Table 2.4) demonstrates that for isometric contractions and for flexion move-
ments the largest contribution to elbow joint torque is delivered by the brachialis muscle. 
This is in agreement with Bouisset (1973). 
2.6.1 Posi t ion dependency on the relative torque contributions 
Our results (Table 2.2) reveal that the EMG activity of the bi-articular biceps muscle is 
increased for a more extended elbow. This can be understood from the fact that shoulder 
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torques are larger when the elbow is more extended. When the biceps muscle contributes 
more to the shoulder torque, it will also contribute more to the elbow torque. This is 
compatible with the smaller contribution of the mono-articular flexor muscles to elbow 
torcjue for the more extended arm. 
2.6.2 Task dependency on the relative torque contributions 
Our data shows that all muscles are activated significantly more for the isotonic shorten-
ing than for the isometric condition. For all muscles, except for the brachialis muscle, the 
activation for the isotonic lengthening relative to the isometric condition was also larger. 
This indicates that the differences in activation between the conditions were not related 
to the force-velocity relation, since then the activation for the isotonic lengthening con-
dition should have been smaller than that for the isometric condition for all muscles. A 
larger amount of EMG activity during movements was reported earlier (e.g. Bigland and 
Lippold, 1954; Theeuwen et al., 1994b) and has to be attributed presumably to a different 
relative contribution of recruitment and firing rate to surface EMG. 
2.6.3 Functional implications 
The present results allow a quantitative comparison between the predictions of various 
hypotheses which have been put forward to explain the reduction of degrees of freedom 
in the motor system. If the purpose is to minimize fatigue, then the relative activation of 
muscles should be determined by the relative distribution of muscle fiber types in the elbow 
flexor muscles. In that case the same activation would have been expected in isometric 
contractions and in slow flexion movements. Another hypothesis, namely that energy 
wasting eccentric contractions are minimized, has been proposed by van Ingen Schenau 
(1989) and is based on the unique role of bi-articular muscles. The larger contribution 
of the bi-articular biceps muscle during the concentric contractions in this study (relative 
to the contribution in isometric contractions) is in agreement with the predictions ofthat 
hypothesis (Gielen and van Ingen Schenau, 1992). However, this hypothesis would pre-
dict a much smaller contribution by the mono-articular muscles. Therefore, although the 
changes in the relative contribution of mono- and bi-articular muscles are qualitatively in 
agreement, there is a disagreement quantitatively. One could argue that our results are a 
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rompi omise between the two hypotheses The changes in relative activation in isometric 
contractions and concentric/eccentric movements may then reflect a different weight of 
the constraints in the compromise The hypothesis of minimal muscle force (Yeo, 1976) 
pi edicts that the bi-articulai muscles should be activated as much as possible. This hy-
pothesis is falsified by the large contribution of the brachiahs muscle Summarizing, it 
seems that the data cannot be explained by any of the present hypotheses on the coordi-
nation of limbs with a large number of degrees of fieedom 
3 

Motor-unit firing behavior in 
human arm flexor muscles during 
sinusoidal isometric contractions 
and movements 
3.1 Abstract 
Simultaneous recordings of action potentials (AP's) of multiple single motor units (MU's) 
were obtained in brarliiahs and biceps (caput breve) muscles during sinusoidally modu-
lated isometric contractions of elbow nexor muscles and during sinusoidal flexion/extension 
movements in the elbow against a preload in the extension direction. The results show 
that MU's typically fire in one short burst foi each sinusoidal cycle. The mean phase lead 
of the bursts of AP's relative to a sinusoidally modulated isometric torque in the elbow 
joint or relative to sinusoidal movements in the elbow increases gradually with frequency. 
The increase of the mean phase lead during isometric contractions was very similar for 
all MU's and could be explained well by modeling the force production of MU's with a 
second order linear low-pass system. For sinusoidal flexion/extension movements each MU 
reveals a specific, reproducible phase lead as a function of frequency. However, there is a 
large variability in phase behavior between MU's. Also, the modulation of the filing rate 
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for sinusoidal isometric contractions versus sinusoidal movements appeared to be different 
for various MU's. In simultaneous recordings some M U's clearly revealed a larger firing 
rate in each burst for movements relative to isometric contractions, whereas other MU's 
revealed a smaller firing rate. This suggests that some MU's are preferentially activated 
during movements whereas others are preferentially activated during isometric contrac-
tions. The results demonstrate task-dependent changes in the relative activation of MU's 
within a single muscle for sinusoidal isometric contractions and movements. 
3.2 Introduction 
There is an accumulation of evidence indicating that the relative activation of muscles act-
ing across a joint depends on the particular motor task. For example, Smith et al. (1980) 
showed in cat that the lateral gastrocnemius muscle, which mainly contains fast-twitch 
motor units (MU's) with a relatively high isometric recruitment threshold (IRT), was ac-
tive during rapid ankle extension movements in paw shakes, whereas the soleus muscle 
which mainly consists of slow-twitch MU's with a low IRT, was not. Since the soleus 
muscle is usually active together with the gastrocnemius muscle, this result demonstrates 
a change in the relative activation of muscles for fast repetitive movements, which may 
have a functional significance considering the different contractile properties of the lateral 
gastrocnemius and the soleus muscles. 
Other evidence for a task-dependent activation of muscles was presented by Theeuwen 
et al. (1994b), who showed that the electromyographic (EMG) activity in elbow flexor 
muscles in man was distributed differently in isometric contractions and in movements. In 
addition, these authors showed that the amount of EMG activity was about 40 % greater 
for slow movements against a load than for isometric contractions against the same load 
in all elbow flexor muscles. This finding was later corroborated by Van Bolhuis and Gielen 
(1997). The larger EMG activity could not be explained by the force-velocity relationship 
since movement velocity was rather low. As a consequence the larger amount of EMG 
activity during movements was attributed to variations in the recruitment and firing rate 
behavior of MU's within a muscle. 
Evidence for changes in the relative activation of MU's within a single muscle was pre-
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seiited by Nardone et al. (1989J, who reported a reversal of recruitment order of MU's in 
the tiiceps surac пшьсіе duiing the lengthening phase of voluntary ankle rotations against 
an external load. Later, Howell et al. (1995) also found a reversal of recruitment order of 
MU's in the first dorsal interosseous muscle during voluntary concentric/eccentric move­
ments of the index finger. If similar changes in recruitment older occur in other types 
of muscle contractions as well, these vaiiations in MU activation within a muscle might 
explain the increased amount of EMG activity reported for movements. 
To gain a better insight into the activity of MU's during isometric contractions and move­
ments, we have recorded the action potentials (АР'ь) of single MU's of the biceps biachii 
and biachialis muscles during sinusoidally modulated isometric contractions of the elbow 
in flexion direction and for sinusoidal flexion/extension movements of the forearm against 
an extension preload. Both the timing of the AP's with respect to the force or position 
signal and the firing rate during the bursts of AP's were analyzed. 
3.3 Methods 
The experimental procedures used in this study have been approved by the medical/ethics 
committee of the University of Nijmegen and were set up in accordance with the ethical 
standards laid down in the 1964 Declaration of Helsinki. All subjects tested gave their 
informed consent prior to each experiment. None of the subjects had any known history 
of neurological or musculoskeletal disorder. 
3.3.1 Experimental set-up 
Subjects were comfortably seated in a chair with the upper arm in a position of 0° ante­
flexion. Both the upper arm and forearm were in a horizontal plane passing through the 
shoulder. The forearm was supported by a cloth sling which was suspended from the ceil­
ing such that the arm could be relaxed in a horizontal position (Fig. 3.1). The shoulder 
was strapped to the back of the chair to minimize movement of the shoulder. In some ex­
periments the position of the shoulder was measured with an OPTOTRAK system. This 
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revealed that any movements of the shoulder were always smaller than 1.5 mm. 
A lightweight aluminum bracelet was fixed around the wrist of the subject just proximal to 
the wrist joint. The bracelet was made to fit tightly but comfortably by forming a mold of 
elastic dental compound between the bracelet and the subject's wrist. A special mold was 
made for each subject. A cable was attached to the bracelet via a yoke and also to a torque 
motor which could provide a preload at the wrist in extension direction. The position of 
the wrist was measured by a potentiometer, with a resolution of 0.08 cm, connected to 
the torque motor. The cable passed through several pulleys on a metal arm which was 
positioned orthogonal to the forearm (Fig. 3.1). A strain gauge was incorporated between 
the cable and the yoke to measure force at the wrist in the flexion direction with an 
accuracy of 0.1 N. Both the position and force signal were sampled at 500 Hz. 
3.3 .2 M o t o r - u n i t r e c o r d i n g 
MU activity was measured in the brachialis and biceps brachii (caput breve) muscles with 
intramuscular fine-wire electrodes at a sample rate of 16 kHz. Bipolar recordings of single 
MU activity were obtained using nylon-coated, 25 μτη diameter wires (material: Karma, 
Californian Fine Wire Co.) inserted into the muscle with a hypodermic needle. Two ster­
ilized needles were inserted in each muscle with four wires in each needle. For each needle 
bipolar recordings were obtained by selecting the combination of the two wires which gave 
the best recordings. After amplification and band-pass filtering from 0.3 to 5 kHz, single 
MU AP's were discriminated from the intramuscular EMG signals with a commercially 
available BRAINWAVE system using any of several criteria, such as template matches and 
principal components. Typically the AP's of two or three MU's could reliably be recorded 
and discriminated in each pair of electrodes. 
We monitored the discrimination process carefully, both during the experiment as well as 
during the data analysis, in order to ensure that all AP's detected belonged to a particular 
MU. We verified that any changes in shape of the AP's of the MU's (especially during 
movements) were small and gradual. Also the IRT's of the MU's were recorded before 
and after the experiment. Comparing these results ensured that the same MU's were 
traced over the entire experiment. Since the duration of an AP (approximately 2 ms or 
shorter) is much smaller than the inter-spike interval (approximately 40 ms or longer), the 
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V 
Force 
transducer 
Figure 3.1 Schematic representation of a subject in the experimental set-up. 
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possibility of not îecording an AP due to intcrfeience with AP's of other units was small 
Detailed analysis revealed that niteifeience of AP's could have given use to a reduction 
in the nunibei of AP's recoided by less than 3 % 
3 . 3 . 3 E x p e r i m e n t a l p r o t o c o l 
First MU activity was measured in lsometnc conditions, in which the horizontal foice 
pioduced at the wrist was displayed on an X/Y oscilloscope in front of the subject For 
the isometric condition the cable was fixated so that no movement of the elbow in the flex-
ion duection was possible The subject was asked to increase and deci ease the isonietiic 
flexion toi que in the elbow so as to track a sinusoidally varying target signal on the oscil 
loscope The amplitude of the target signal was set such that isometric force at the wrist 
varied sinusoidally from 0 to 30 N (conesponding to 10 - 20 % of the maximum volun-
taiy contiaction (MVC), depending on the subject) at typically nine different frequencies 
evenly distilbuted between 0 02 and 4 1 Яг 
Subsequently, the fixation of the (able was lemoved and the position of the wrist was 
displayed on the oscilloscope In this condition the subject was instructed to track a si­
nusoidal taiget signal by flexion/extension movements in the elbow joint with an appioxi-
mately constant amplitude (peak-peak amplitude about 30° centered at the isometric test 
position) Subjects weie tested at typically nine different frequencies evenly distubuted 
between 0 05 and 2 4 Hz These movements weie made against various pieloads in exten­
sion duection applied to the wrist by the torque motoi The force at the wrist, measured 
by the stiain gauge, was fed back to the torque motor in order to minimize variations in 
pieload at the wrist due to fnction and inertia in the experimental set-up Any variations 
in preload weie reduced to values below 15 % of the preload in this way The muscle force 
was therefoie the sum of a force counteracting the preload and a frequency dependent 
periodic foice tei m to overcome the stiffness, viscosity and inertia of the forearm Due to 
the extension preload no active muscle force in extension direction was needed to move 
the a im in extension direction during the sinusoidal movements Theiefore only the elbow 
flexoi muscles had to produce force This was verified in several experiments by means of 
sinface EMG recordings of the thiee heads of the triceps muscle, which did not reveal any 
EMG activity All frequencies were tested for several values of the constant preload The 
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tange of pieloads was not constant ыпсе it depended on the reciuitment threshold of the 
MU's undei study 
3.3.4 D a t a base 
Eleven subje( ts, langing in age between 24 and 42 years, were tested in 12 expenments In 
total the activity of 57 MU's was lecorded For 44 MU s the firing behavioi was recoided 
foi the isometric as well as for the movement task foi all frequencies Foi three MU's (one 
experiment) the activity was îecorded only during the isometric task for all frequencies 
and for ten MU s (four experiments) the activity was recorded for a frequency of 0 02 Hz 
dining the isometric task and foi all fiequencies duiing the movement task 
3.3.5 D a t a analysis 
The temporal relation between AP's, force and position of the wrist was investigated using 
a cross-coirelation function The sequence of AP's was repicsented as a point pioc ess with 
a time resolution of 1 ms The mean difference in tune, r, between the AP s on the one 
hand and force oi position on the othci hand was determined by the time of the peak 
of the noimahzed cross-coirelation function The noimahzed cioss-conelation function 
between two signals x{t) and y{t) is defined as 
* , , (2T)-'f!_Ja(t + r)y(t)dt 
$ху{т) = , , (3 1) 
У(2Т)-і fl
r
x*(t)dt У(2Т)-і ¡Ij iß(t)dt 
The time delay, τ depended on the timing of recruitment and de-reciuitment of the MU 
with respect to the foice or position signal as well as on the modulation of the filing rate 
dui mg the period that the MU was icciuited Howevei, since the modulation of the firing 
ι ate was moie or less symmetric over the period that the MU was active, the time delay 
was mainly determined by the timing of (de- and) reciuitment with respect to the foice 
or position signal 
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Each trial (i.e., a set of isometric contractions or movements at a particular frequency) 
typically contained 5 - 1 5 cycles (depending on the movement frequency). To obtain an 
estimate of the error in the time delay between AP's and force/position, the time delay 
was determined twice in repeated trials. If the data were completely reproducible, the 
time delay in the second trial plotted against the time delay in the first trial should fall on 
a straight line with slope 1 for all frequencies. By calculating the mean scatter, defined as 
the square root of the mean of squared distances of the points relative to the line y = x, 
an estimate of the standard deviation in the time difference could be obtained. This pro­
cedure is equivalent to determining the variance in a set of paired trials (Snedecor and 
Cochran, 1980). 
Some MU's revealed alternately only a few or no AP's during some trials. This was partic­
ularly found for motor units with a high IRT. which were not active during movements at 
low frequencies. Presumably, the forces related to slow movements were not large enough 
to recruit motor units with a high IRT. Other MU's, in particular those with a relatively 
low IRT, revealed an almost constant firing rate at a high level during some trials. The 
phase lead of these MU's, calculated for these trials, was therefore meaningless. For these 
MU's the data in these trials was not taken into consideration. 
The firing rate of a MU at a time t was defined as the number of spikes in an interval of 
200 ms centered around time t divided by 200 ms. The mean firing rate in a sinusoidal 
period was defined as the number of AP's averaged over a number of periods (ranging from 
5 to 15) divided by the duration of the period. To fit the phase relation of MU activity 
for isometric contractions at various frequencies a second-order linear low-pass system was 
used. The low-pass system was characterized by the impulse response h(t) = t-exp(—ί/τ), 
which in the frequency domain is represented by the transfer function Η(ω) = 1/(1+ίωτ)2, 
where τ is a time constant. The phase relation between input and output signals of this 
system is given by φ{ω) — агсіап(—2шт/(1 — ω2τ2)). 
3.4 Results 
Figure 3.2 shows the firing pattern for three simultaneously recorded MU's (I, II and III) 
of the brachialis muscle of subject PH for isometric contractions (Figs. 3.2A, C) and for 
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movements (Figs. 3.2B, D) for frequencies of 0.2 Hz (Figs. 3.2A, B) and 1.0 Hz (Figs. 3.2CV 
D). The lop trace in each part of the figure shows the position of the wrist in centimeters. 
Flexion of the elbow caused a movement of the wrist in the positive direction. The second 
panel in each part of the figure shows the force at the wrist in flexion direction. The lower 
three panels of each part of the figure show the firing rates of the three MU's (I, II and 
III). The shape of the AP's of the three MU's is plotted between the lower three panels of 
Figs. 3.2C and D. The IRT's of the MU's I, II and III are 20, 24 and 37 N, respectively. 
For movements there is a small modulation of force at the wrist (see the force trace in 
Figs. 3.2B and D). This modulation is due to incomplete force feedback and due to phase 
delays in the feedback loop. These modulations in force are typically 15 % of the preload 
or less. In none of our data could we detect any abrupt changes in MU firing related to 
these small variations in force. 
Figure 3.2 shows that the MU's are active in short, approximately symmetric bursts. For 
the isometric contractions at 0.2 and 1.0 Hz (Figs. 3.2A, C) the centers of the bursts 
of activity coincide for all MU's and, therefore, all three MU's have approximately the 
same temporal relationship. The mean time delay between the bursts of activity and the 
force is approximately 210 ms for the 0.2-Hz isometric contractions (Fig. 3.2A) and ap-
proximately 170 ms for the 1.0-Hz isometric contractions (Fig. 3.2C). These time delays 
correspond to phase shifts of 15 and 60°. respectively. For the low-frequency movement 
(Fig. 3.2B) MU III, which has the highest IRT, was not active. At the higher movement 
frequency (Fig. 3.2D) all three MU's were active and their bursts of activity had approx-
imately the same phase relation relative to the position trace. Note, however, that the 
firing rate of MU II is smaller than that of MU III for movements at 1.0 Hz. On the 
contrary, MU III is not active at all at 0.2 Hz movements, while MU II reveals a firing 
rate which exceeds that at 1.0 Hz. This indicates that the firing rate of MU's changes 
in a complicated way with movement frequency. This will be discussed in more detail later. 
The results shown in Fig. 3.2 illustrate a result typical for the majority of MU's. However, 
in a considerable number of experiments different results were found. All these results will 
be presented in two parts. First we will focus on the phase relation of MU activity relative 
to force (in isometric contractions) or position (for movements) and, subsequently, on the 
modulation of firing rate during sinusoidal isometric contractions and movements. 
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Figure 3.2 An example of the firing behavior (F.R., Firing Rate) of three simultaneously recorded 
motor units (MU's) in the brachialis muscle of subject PH for sinusoidally modulated isometric 
contractions (A, C) and for sinusoidal movements (B, D) at 0.2 Hz (A, B) and 1 Hz (C, D). 
The shape of the corresponding action potentials of the three MU's is plotted between the firing 
rate panels of С and D. The top two signals in each panel show the position (flexion in positive 
direction) and flexion force in the elbow, respectively. Position zero corresponds to an elbow angle 
of 90°. 
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3.4.1 Phase relation 
An estimate of the mean phase lead of the bursts of AP's of a MU ïelative to force 01 
position was obtained from the cioss-coirelation function between the AP's and the ioice 
or position signal An example is shown in Fig 3 3 
Figiues 3 ЗА and В show the hung rate of MU I foi the same tnals as shown in Figs 3 2 0 
and D respectively A mean value for the phase difieience between the buists of AP s 
and the foice (Fig 3 ЗА) οι position (Fig 3 3B) signal was obtained by calculating the 
time of the peak oí the cioss-corielation function This phase lead is mainly determined 
by the timing ol reciuitment and de-ieciuitment of the MU with iespe(t to the foice oi 
position signal The shape of the bursts plays only a minor iole m deteimining the mean 
phase lead oí the bursts, since the bursts of AP's are more oi less symmetric 
Figure 3 ЗА shows that the buists ol activity lead the force signal by 167 гпь, coi ι esponding 
to a phase lead of G0° Foi movements at the same frequency the AP's lead the position 
signal by 313 ть, coiiesponding to a phase lead of 113° (Fig 3 3B) Боі all MU's the phase 
lead foi movements exceeded that ioi isometric conti actions for all frequencies This will 
be discussed m moie detail latei An estimate of the erior in the value of the phase lead 
was obtained by repeating seveial tnals for various fiequenues and calculating the phase 
lead for each of these trials In Figs 3 4A and В the phase lead of AP's ïelative to the 
foice oi position signal tor all repeated trials is plotted foi the isometric and the movement 
task, respectively For the isometiic task the standard deviation was 11 3°, it was 7 8° foi 
the movement trials These iesults provide a measure of the accuracy of the estimates for 
the phase relation of the MU's 
Figuie 3 5 shows the mean phase leads of the buists of AP's to the force oi position signal 
plotted as a function of fiequency for the same three MU's (I, II and III) as shown in 
Fig 3 2, for the isometiic task (thin lines) and the movement task (thick lines) In both 
tasks the phase lead incieases with fiequency, but the increase is steepei foi the movement 
task Note that the phase ïelation is very similar for all three MU's MU III, with the 
highest IRT is not active for movements at frequencies below 0 5 Hz In all other aspects 
54 Section 3.4 
60 
• 30 
ш 
10 
-1 о ι 
Time (sec) 
-1 0 1 
Time (sec) 
Figure 3.3 The top traces show the isometric force signal (A) and the position signal (B). The 
middle panels of A and В show the firing rate of MU I, and the bottom panels of each part of 
the figure show the normalized cross-correlation functions of the two corresponding signals plotted 
above. Vertical lines have been drawn at the peaks of the force and the position signal in order to 
illustrate the phase lead of the bursts in each cycle. 
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Figure 3.4 A The phase load for 17 
lepeated isometric trials (some data 
points coincide) The phase lead of the 
first trial is plotted on the horizontal 
axis and that of the coiiesponding sec­
ond repeated trial on the veitical axis 
By calculating the mean scattei, de­
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movement trials. 
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Figure 3.5 The pha.se 
lead of the bursts of 4P's 
to the force or position sig-
nal as a function of fre-
quency for the three MU's 
I (circles and continuous 
lines), II (crosses and dot 
ted lines) and III (aster-
isks and dashed lines) for 
both the isometric (thin 
lines) and the movement 
conditions (thick lines) 
1 2 
Frequency (Hz) 
all three MU's behave in much the same way First we will focus in more detail on the 
isometric phase relations and then on the phase relations of the MU's during movements 
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3.4.2 Isometric phase relation 
To quantify the phase relation of MU activity with isometric force at the hand for various 
frequencies we have fitted a second-ordei linear low-pass system (see Methods section 3.3) 
to the phase ïelation between the AP's and the isometric force at the wrist. 
Figure 3.6 shows the mean phase leads of the bursts of AP's with respect to the force at 
the wrist for all MU's (?¿ = 39), which were recruited during the isometiic sinusoidal force 
modulations, as a function of the frequency. Fitting a second-order low-pass system (thick 
dotted line) to these phase relat ions by minimizing the sum of squared distances for all 
frequencies resulted in a mean time constant of 89 ms with a standard deviation of 39 rns. 
3 .4 .3 M o v e m e n t p h a s e r e l a t i o n 
In Fig. 3.7 we have plotted the mean phase lead of the bursts of AP's relative to the 
position signal as a function of movement frequency for all 45 MU's recorded. In general 
the phase lead increases gradually for all MU's. However, it is striking that the vai ¡ability 
in phase lead between MU's is much larger than for the isometric case. Recall that the 
standard deviation in the phase lead foi movement trials was only 7.8°, which was smaller 
than that for isometric trials. This demonstrates that the large variability in Fig. 3.7 is 
not caused by a variability in the phase lead of each individual MU, but rather it reflects 
a variability in phase lead between MU's. The same variability was found for MU's in 
the brachialis and biceps muscles, excluding an effect of muscle specificity. Correlating 
the phase lead of the MU's during movements with the IRT revealed a small correlation 
between IRT and phase lead (Table 3.1), in such a way that MU's with a high IRT tend to 
be activated with larger phase leads, whereas MU's with a low IRT tend to be activated 
with smaller phase leads. Table 3.1 shows that the slope of the linear regression deviates 
significantly from zero for the lower movement frequencies. However, this table also shows 
that the correlation coefficient is rather small indicating that the IRT explains only a small 
part of the variance. 
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Figure 3.6 The mean 
phase lead of the bursts of 
AP's with respect to the 
sinusoidal modulations in 
isometric force (range 0-
30 N) in flexion direc-
tion at the wrist for all 
MU's recorded isomctri-
cally (39) as a function 
of the contraction fre-
quency. The thick dashed 
line shows the phase lead 
of a second-order low-pass 
system with a time con-
stant of r = 89 ms, which 
is the mean of the time 
constants of the second-
order systems fitted to the 
phase leads of the individ-
ual MU's. 
1 2 
Frequency (Hz) 
3.4.4 Firing rate 
The mean firing rate during a burst of AP's was calculated by counting all the AP's over a 
certain number of periods (ranging from 5 to 15) and dividing this number by the number 
of periods and the duration of each period. An indication of the error in the calculated 
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Table 3.1 Statistical values 
Frequency 
(Hz) 
0 50 
0 78 
100 
1 20 
1 45 
Slope 
(SD) 
(deg/N) 
0 71 (0.32) 
0.45 (0 20) 
0 44 (0.19) 
0 42 (0 22) 
0 26 (0 17) 
Intei cept 
(SD) 
(deg) 
67.3 (7.6) 
120 3 (6.5) 
127.5 (5.6) 
149 6 (7 3) 
1612 (5 4) 
Numbei 
of trials 
36 
51 
78 
54 
70 
& 
0.13 
0.10 
0 07 
0 07 
0 03 
Student t 
value foi 
slope 
2.21 
2.31 
2.34 
1 91 
1.50 
Two-tailed 
significance 
level for slope 
0.034 
0.025 
0.022 
0.062 
0.139 
Statistical lesults of a lineai icgiessiüii fitted to the mean phase leads of the bursts of activity 
relative to the position of the wrist as a function of the isometric recruitment threshold (IRT) for 
vanous movement frequencies (first column) The second and third columns show the slope and the 
mteicept value (with their corresponding standard deviations) of the regression line, respectively 
The foui th column shows the number of trials used in the calculations The fifth column shows 
the ft1 value oi the fit and the sixth and seventh column show the Student's i-test value and the 
corresponding two-tailed significance level, respectively 
value of the mean firing rate was obtained by repeating this procedure for seveial trials. 
Figure 3.8 shows the data obtained in the ìepeated trials. The same repeated trials were 
used as foi the calculation of the standard deviation of the phase lead The standard 
deviation in the mean firing rate was estimated in the same way as was done foi the phase 
relations It appeared to be 2.0 spikes/sec. for the isometric task and 1.9 spikes/sec for 
the movement task 
Figure 3 9 shows the mean firing late for the same three MU's I (circles and continu-
ous lines), II (crosses and dotted lines) and III (asterisks and dashed lines) as shown 
in Figs 3.2 and 3.5, as a function of frequency for the isometric task (thin lines) and 
the movement task (thick lines). The mean firing rate increases with frequency both for 
ìsometiic contractions and foi movements. Figure 3 9 shows that the mean firing rate of 
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Figure 3.9 The mea.ii fir 
ing rate for the thiee Mil's 
I ((псісь and continuous 
lines), II (ciosses and dot­
ted lines) and III (aster 
ïsks and dashed lines) foi 
the isomctiic task (thin 
lines) and the movement 
task (thick lines) as a 
function of fiequencv 
1 2 
Frequency (Hz) 
MU I is approximately the same foi the isometric task and for the movement task foi most 
frequencies Foi MU II, however, the mean firing rate is much smaller and for MU III it is 
much lnghci in the isometiic task than in the movement task This illustrates that there 
exists a variable filing rate behavior for the isometric task relative to the movement task 
foi diffeient MU's This variability becomes even more pronounced in Fig 3 10 
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Figuie 3 10 shows the diffeience in mean filing late in each period in the isometiic task 
lelative to that in the movement task as a function of frequency foi six MU's (live in the 
biceps and one in the braclnahs muscle) All these MU's weie iecoided simultaneously 
n o m subject VC Figure 3 10A - F show data obtained m movement tuals against pieloads 
of 3 9 5 8, 9 2 114 16 7 and 21 7 N respectively The data of the movement tuals shown 
m Fig 3 10A - F weie all (ompaied with the same isometiic trials A positive value in 
Fig 3 10 means that the mean firing iate was largei foi the isometiic tna l than foi the 
movement tnal at that hequeiuy Foi small pieloads high frequency movements could not 
be tested since then ac tivation of extensoi muscles became appaient, winch was not in Ime 
with the expenniental piototol The firing behavioi of the MU's m Fig 3 10 is typical foi 
all subjec ts 
Figuie 3 10A - F demonstiate a tenderne y foi lowei h u n g lates foi isometiic contiactions 
than foi movements at highei fiequenues Since the acceptation of the aim mtleases with 
mei easing fiequenry foi movement tuals, the peak foices exeited by the Hexoi muscles 
also mciease with fiequency Thus foi movement trials the mean fence level exeited by 
the flexoi musc les mei eases with frequency, wheieas the mean foice level dining isometiic 
tuals lemains the same foi all fiequencies This may explain the decieasc in the filing iate 
difference with frequency However, note that the various MU's, which have been iecoided 
simultaneously, have a different frequency-dependent behavioi Moieovcr, Fig 3 10 shows 
that oveiall the diffeiences m the mean filing iate show a small deciease foi mcieasing 
pieloads (Figs 3 10A - F) This has to be expected since the mean foice at the wnst 
mcieases with pieload and therefore also the mean firing iate duiing the movement tuals 
What is lemaikable is the fact that the firing rate behavior is significantly diffeient foi 
different MU's Note that the standaid deviation in each of the data points is appioxi-
mately 2 чргкеь/чес which makes the behavioi of different MU's significantly diffeient 
The diffeiences m filing iate foi various MU's indicate that the various MU's aie activated 
differently m the isometiic and the movement task These differences become more pio-
noune ed foi higher preloads as can cleaily be seen m Fig 3 10F which shows that some 
MU's aie activated moie during movement tasks than duiing isometiic tuals (negative 
values) wheieas othci MU's are activated more duiing isometric tuals than duimg move­
ment tuals (positive values) MU's in the brachiahs and biceps biachn muscles showed the 
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Figure 3.10 Difference in mean firing rate in the isometric contractions relative to that for move­
ments as a function of frequency. In Α-F the preload in extension direction during the movements 
was 3.9, 5.8, 9.2, 11.4, 16.7 and 21.7 N, respectively. All these MU's were recorded simultaneously. 
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same behavior. Note that the different firing behavior of MU's does not reflect variability 
in experimental conditions, since the different behavior of MU's in isometric trials and in 
movements was observed simultaneously for all MU's in Fig. 3.10. 
3.5 Discussion 
The main result of this study is that different MU's in the same muscle reveal a differ­
ent behavior for isometric contractions and for movements at different frequencies. These 
differences became apparent both in the phase relation of the AP's relative to the force 
and position of the wrist (i.e., in the timing of recruitment and de-recruitment) and in the 
modulation of the firing rate of the MU's at different frequencies and preloads. We will 
discuss these differences separately. 
3.5.1 I s o m e t r i c p h a s e r e l a t i o n 
We have seen that the mean phase lead of the bursts of AP's relative to the isometric force 
at the wrist gradually increases with contraction frequency in a similar way for all MU's. 
The phase relations could be fitted well by a second-order linear low-pass system with a 
mean time constant of 89 ms. 
Assuming that the force twitch of a MU can be described by a second order linear low-pass 
system, former studies (Ter Haar Romeny et al., 1984) have obtained values for the time 
constant of the force twitch of MU's in the biceps brachii muscle near 50 ms. However, a 
MU contributes to sinusoidal contractions with a sequence of AP's, not with a single AP. 
The non-linear summation of the force twitches of a MU (see, e.g., Koehler et al., 1984; 
Powers and Binder, 1991) will effectively enlarge the time constant of the linear approxima­
tion of the force pulse produced by the MU. Therefore, the mean value of the time constant 
found in this study, τ = 89 ms, is well within the range which may be expected if the phase 
behavior for isometric contractions is thought to be attr ibuted mainly to the MU twitches. 
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3.5.2 Movement phase relation 
For the phase relation of MU's during movements a different picture was observed. The 
overall increase in the mean phase lead of the bursts of activity relative to the position of 
the wrist with movement frequency appeared to be steeper than the increase in the mean 
phase lead observed during the isometric task. Since the forearm can be described by a 
second-order low-pass system (Kearney and Hunter, 1990), a progressive phase lead of the 
force produced at the wrist with respect to the position of the wrist has to be expected for 
increasing movement frequency. Therefore, an increase in the phase lead of MU activity 
relative to the position during movement trials, which is steeper than that relative to the 
force during the isometric trials has to be expected for increasing movement frequency. 
The; results shown in Fig. 3.5 are therefore in line with theoretical predictions. 
Whereas Fig. 3.G demonstrates that all MU's show more or less the same phase relations 
during the isometric contractions, Fig. 3.7 reveals that there exists a large variability in 
phase relations of the MU's during the movements. Since the phase lead of MU's could be 
determined accurately (SD = 7.8°), this variability could not be explained by the error 
in the method of obtaining the mean phase lead. It therefore means that different MU's 
show a different change in phase relation when shifting from isometric tasks to movements. 
3.5.3 Firing rate behavior 
Figures 3.9 and 3.10 show that the firing-rate behavior of different MU's in the same mus-
cle is different for movements and for isometric contractions. Some MU's have higher firing 
rates during movements whereas others have higher firing rates during the isometric tasks. 
These large differences show that some MU's (those with a negative difference in Fig. 3.10) 
contribute more to movements, whereas other MU's (those with a positive difference in 
Fig. 3.10) contribute more to isometric contractions. Therefore, the firing-rate behavior 
of the MU's underlines the result obtained from the phase relations of the MU's regarding 
a different relative activation of the MU's for movement tasks and isometric tasks. 
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3.5.4 Motor-unit recording 
Recording of MU activity has always been difficult due to possible movement artifacts. 
We are convinced, however, that the findings described in this chapter (i.e., a different 
relative activation of the MU's for isometric tasks and movements) cannot be attributed to 
movement artifacts. We have carefully checked the shape of AP's Ihioughout the lecord-
ing, as well as during the analysis with the BRAINWAVE system, which characterizes 
each AP by a series of parameters. In case of doubt the recording was discarded from 
further analysis. Therefore, we were sure that all AP's grouped together belonged to the 
same MU. As mentioned in the Methods section the possible loss of the recoiding of AP's 
due to interference with AP's of other MU's was small (less than 3 % loss oí units), ьіпсе 
the duration of an AP is much smaller than the inter-spike interval (even at the highest 
firing rate). The large differences in firing rate (Fig. 3.10) and the different timing of 
recruitment (Fig. 3.5) observed between tasks can therefore not have been the result of 
losing some AP's. In addition, it is highly unlikely that movement artifacts could give rise 
to the consistent results in this study. 
At those points where our results can be compared with previous studies our findings are 
in line with these earlier results or with theoretical expectations. For example, all MU's 
show more or less the same phase relation during the isometric contractions correspond­
ing to a time constant of 89 rns, which is in line with earlier findings. For movements, 
the increase in the mean phase lead of the bursts is steeper than that for the isometric 
contractions, which is in line with theoretical expectations. Also the variability in the 
phase lead and in mean firing rate appears to be smaller during movements than dining 
isometric contractions, which is just the opposite of what would be expected, since move­
ment artifacts in MU recordings are most prominent during movements. 
3.5.5 Selective activation of motor units 
The results in this study convincingly demonstrate a different activation of the MU pop­
ulation in a muscle for isometric contractions and for movements. These results extend 
previous reports on a different activation of MU's of various muscles during natmal sinu­
soidal tasks (Smith et al., 1980) and reports on a different activation of MU's of various 
muscles in isometric contractions and movements (Tax et al., 1990a. b; Theeuwen et al.. 
68 Sect ion 3.5 
1994b), m that the present study demonstrates differences within the population of MU's 
oí a чгпдіе muscle between the two tasks, indicating a task-dependent activation of the 
motoneuion pool of a single muscle 
Since diffeient MU's have diffeient contractile properties (Thomas et al , 1990, Cope and 
Clarke, 1991, Riek and Bawa, 1992) a re-shuffling of recruitment among MU's may give 
use to a diffeient force output Therefore, a different activation of the various MU's could 
give rise to a different force-EMG relationship A larger amount of EMG activity for 
movements against the same force as in isometric conti actions (Theeuwen et al , 1994b, 
Van Bolhuis and Gielen, 1997) could have been obtained by having more MU's lecruited at 
a lowei firing rate (Solomonow et al , 1987) Oui data did not reveal firm evidence for Hie 
fact that a largei numbei of MU's is reuni ted during movements This was mainly due to 
the fact that it was haid to compaie the muscle forces dining isoiiietiic contractions with 
those duiing movements In order to estimate muscle force during movements, first of all, 
an acculate, detailed model of the human aim would be required in oider to estimate el­
bow toique during movements, and secondly a ìehable method of distilbuting elbow joint 
toique ovei the vanous elbow flexor muscles would be necessaiy Since these procedures 
would have caused ielatively large en or bounds in the estimated muscle force we could 
not accurately compare ie<ruitment thresholds of MU's in the isoinetiic and movement 
conditions and, as a consequence, could not provide a good quantitative explanation for 
the laigei amount of EMG activity dining movements as repoited by Van Bolhuis and 
Gielen (1997) and by Theeuwen et al (1994b) 
Con elating the phase lead of the MU's during movements with the IRT revealed for most 
contraction fiequencies a small but significant couelation between IRT and phase lead 
in such a way that MU's with a high IRT tend to be activated with laiger phase leads 
wheieas MU's with a low IRT tend to be activated with smaller phase leads Since in 
Fig 3 7 a phase lead larger than 180° means that the MU's were mainly active in the 
lengthening phase of the movement, the conelation between IRT and phase lead men-
tioned above implies that, in general, the MU's with a relatively high IRT tend to be 
active m the lengthening phase, suggesting that these MU's are recruited in time before 
MU's with a lower IRT Therefore, our data corroborate the findings of Nardone et al 
(1989) and Howell et al (1995) on reversal of recruitment order dunng the lengthening 
phase of voluntary rotations 
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The question now anses legaiding the extent to which these differences have to be at-
tributed to differences in the activation of the MU population by the cential neivous 
system, oi whether the MU-speufie differences have to be at t i ibuted to pieferential input 
to MU'b by various sensoiy affeients Stephens et al (1978) have shown that the filing 
rate of MU's in the fust doisal mtoiosseous muscle with a relatively low IRT can be 
leduced by cutaneous stimulation duiing voluntaiy conti act ion, while the filing late oí 
MU s with a highei IRT lemains unaffected This suppoits the hypothesis of MU specific 
afleient input Othei suppoit foi this hypothesis comes fioin studies which have shown a 
selce tive activation of MU's in tuceps suiae muscles of the cat aftei stimulation of the suial 
n e n e (Buike et al , 1970 Kanda et al , 1977) Anothei possibility might be rhat cential 
commands affect both « and 7 motoneuions such that changes m the activation oí MU s 
duiing movements îesult irom dnect cential effects and nom îndiiect effects oiiginating 
nom a diffeient setting of 7-motoncuions Tlie present data do not allow us to distinguish 
between these hypotheses 
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Activation pat terns of mono- and 
bi-articular arm muscles as a 
function of force and movement 
direction of the wrist in humans 
4.1 Abstract 
In order to explain the task-dependent activation of muscles, we have investigated the hy-
pothesis that mono- and bi-articular muscles have a different functional role in the control 
of multi-joint movements. According to this hypothesis bi-articular muscles arc activated 
in a way to control the direction of external force. The mono-articular muscles are thought 
to be activated to contribute to joint torque mainly during shortening movements. To in-
vestigate this hypothesis, surface electromyographic (EMG) recordings were obtained from 
several mono- and bi-articular arm muscles during voluntary slow movements of the wrist 
in a horizontal plane against an external force. The direction of force produced at the 
wrist and the direction of movement of the wrist were varied independently. The results 
revealed distinct differences between the activation patterns of mono- and bi-articular 
muscles. The activation of the bi-articular muscles is not affected by movement direction, 
but appears to vary exclusively with the direction of force. The mono-articular muscles 
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leveal significantly more EMG activity for movements m a specific direction, which equals 
the movement direction corresponding to the largest shortening velocity of the muscle 
The EMG activity decreases gradually for movements in other directions This direction-
dependent activation appeared to be independent of the dnection of the external force 
4.2 Introduction 
One of the central problems in movement control is related to the fact that for most joints 
several muscles can contiibute to joint torque For example, five muscles can contnbute to 
flexion torque m the elbow As a consequence, the same joint toique can be the lesult of 
multiple muscle activation patterns Studies on activation patterns of muscles have shown 
that for a given motoi task more oi less the same ι elative activation of the muscles exists 
across subjec ts (e g Buchanan et a l , 1993, Cnockaeit et al , 1975, Theeuwen et al , 1996, 
Van Bolhuis and Gielen, 1997) The fact that a moie οι less unique activation pattern 
is obseived foi each motor task suggests the existence of underlying constraints, ieducmg 
the numbei of possible muscle activation patterns foi each task These constiaints have 
been attubuted in the past to a minimization principle for example minimization of total 
muscle force (Yeo, 197C) or muscle fatigue (Dui et al , 1984) However, no convincing 
evidence in favoi of one of these minimization pnnciples could be found 
Anothei possible explanation foi the reduction of the numbei of degrees of freedom is 
lelated to a paituular iole of mono- and bi-aiticulai muscles (Van Ingen Schenau et al , 
1992 Gielen and Van Ingen Schenau, 1992) Based on the fai t, that movement trajectones 
of an end effectoi (e g the hand oi foot) have to be made by well-cooidinated îotations 
in multiple joints, Van Ingen Schenau (1989) proposed that the activation of bi-articular 
muscles might be ι elated to the direction of force exeited by the end effector, wheieas 
the activation of the mono-articular muscles might be lelated to the movement direction 
of the end effector (ielated to whether a mono-articulai muscle is shortening or length­
ening) This hypothesis was suppoited by experimental observations by Jacobs and Van 
Ingen Schenau (1992a), (1992b) and Van Ingen Schenau et al (1995), which suggested 
that the mono-aiticulai muscles are primarily responsible for the generation of force and 
work, whereas the activation of the bi-articular muscles was compatible with the notion 
that they contiol the direction of external forces by regulating the distnbution of the net 
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moments across the joints. Additional support for the hypothesis that bi-articular muscles 
control the direction of force at the end-effector was provided by Doorenbosch and Van 
Ingen Schenau (1997). who reported a strong linear relationship between the difference in 
the electromyographic (EMG) activity of the antagonistic bi-articular rectus fcmoris and 
hamstrings muscles and the difference in hip and knee joint torque, and thus with the 
direction of the external force at the foot. The activation of the mono-articular muscles, 
however, appeared to be influenced by the desired force direction as well. However, since 
the dynamometer used in that study allowed movements in a few directions only, the role 
of mono-articular muscles in controlling movement direction could not be tested explicitly. 
In another study, Theeuwen et al. (1994b) investigated the activation patterns of elbow 
and shoulder flexor muscles during isometric contractions as a function of the direction of 
force produced at the wrist and during voluntary arm movements against external forces in 
a horizontal plane. This study showed that each muscle has a unique "preferred" direction 
in which the muscle produces the largest amount of EMG activity. It also showed that, 
a different, relative activation pattern of the muscles exists for force and movement tasks. 
These results were in agreement with the notion of a different functional role of mono- and 
bi-articular muscles. Since, in this study (Theeuwen et al., 1994b) the movement direction 
of the wrist was always parallel to the direction of the force produced at the wrist, it was 
not possible to make a distinction between the dependency of the activation patterns on 
the force and the movement direction separately. 
Evidence for a different role of mono- and bi-articular muscles also comes from animal 
studies. Experiments analyzing postural control in cat (Macpherson, 1988a, b) indicate 
that bi-articular muscles play an important role in determining the direction of ground 
reaction force. Such a relation was not found for mono-articular muscles. 
Most of the evidence described above was obtained from experiments in which the direc-
tion of force and displacement co-varied in a very systematic way. A conclusive test for a 
different role of mono- and bi-articular muscles at least requires the study of EMG activity 
of these muscles in movements in which movement direction and force direction are varied 
independently. 
The purpose of this study was to record EMG activity in human arm movements in various 
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directions against forces in varions (mostly different) directions. The direction of force at 
the wrist and movement of the hand were varied independently. In a first experiment the 
EMG activity of the bi-articular biceps bracini caput breve muscle (BIB) and the mono­
articular brachioradialis muscle (BRD) were measured for arm movements in a horizontal 
plane. 
Since the amount of change of elbow joint angle for a movement of the wrist in a specific 
direction is different for different arm postures, the amount of shortening of the muscles 
crossing the elbow joint also changes for the same movement directions at different arm 
postures. Therefore, by testing muscle activation for the same movement direction for 
various arm postures it is possible to investigate the effect of variations of muscle short­
ening in the same external conditions (i.e. the same direction of force at the wrist and 
the same movement direction of the hand). To investigate the; effect of the amount of 
shortening of a muscle on its activation, the EMG activity of the BIB and the BRD were 
recorded during voluntary slow movements of the wrist against external forces at several 
arm postures. Finally, to see whether the differences in the activation patterns of the 
BIB and the BRD as a function of force and movement direction could be generalized to 
other mono- and bi-articular muscles, the experiments were repeated while recording the 
activation patterns of three other mono- or bi-articular arm muscles. 
4.3 Methods 
The experimental procedures used in this study have been approved by the medical/ethical 
committee of the University of Nijmegen and were set up in accordance with the ethical 
standards laid down in the 1904 Declaration of Helsinki. All subjects tested (π = 13) gave 
their informed consent prior to each experiment. None of the subjects had any known 
history of neurological or musculoskeletal disorder. 
4.3.1 Experimental set-up 
During voluntary slow movements of the wrist, electromyographic (EMG) activity was 
measured with surface electrodes from the brachioradialis (BRD)(mono-articular elbow 
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flexor muscle), biceps brachi] caput breve (BIB)(bi-articular elbow and shoulder flexoi 
muscle), deltoideus pars spinalis (DPS)(mono-articular shoulder extensor muscle), triceps 
caput lateralis (TLA) (mono-articular elbow extensor muscle) and the triceps caput longum 
muscle (TLO)(bi-articulai elbow and shoulder extensor muscle) The EMG signals were 
band-pass filtered (3-150 Hz) and subsequently sampled at 500 Hz 
Subjects weie seated with their light arm m the horizontal plane at shouldei height 
(Fig 4 1) The shoulder was strapped tightly to the back of a chair in ordei to keep the 
shouldei fixed in space dining the experiment. The position of the shoulder was measured 
several times by means of an OPTOTRAK system, demonstiating that the amplitude of 
movements of the shoulder was typically less than 2 mm. Suppoitmg the foieaim relieved 
the subject from keeping the arm in the horizontal plane by activating the shouldei muscles 
which contribute to elevation of the humerus The foreaim was positioned in the middle 
of full pionation and full supination A foice transducer mounted between the sling and 
the ceiling duniig seveial experiments showed that variations in vertical forces produced 
by the subject duiing the experiments were typically smaller than 2 N 
By means of a cable, fixed to a bracelet aiound the subject's wrist, the position of the 
wrist in the direction of the cable was measured and fed back to an oscilloscope m fiont 
of the subject Subjects were instructed to move the wiist in the direction oí the cable at 
a speed of 1 5 ст/ь, which was done by tracking a target signal also shown on the oscillo­
scope. The cable was connected, via several pulleys, to a torque motoi which pioduced a 
constant force of 6 N in order to keep the cable at tension. By changing the direction of 
the cable with respect to the wrist, which could be done by rotation of the bai supporting 
the pulleys and the cable aiound a vertical axis, movements in vano us directions could 
be tested Each dnection was tested twice and the data obtained in the two tests were 
averaged foi furthei analysis. Due to friction in the set-up the force at the wrist in the 
dnection of the movement increased or decieased by 1 N, depending on whether the cable 
was pulled at oi released, respectively. By hanging a weight (3 kg) over a pulley, fixed 
to the side of the table (Fig 4 1), a constant force of 30 N was applied to the wrist By 
changing the position of this pulley the direction of force could be varied independently 
of the movement direction 
Movements were made over a range of approximately 15 cm. In order to exclude any effects 
78 Section 4.3 
Τ 
Force 
transducer 
Figure 4.1 Schematic drawing of the set-up. The upper arm was in the direction of 0° ante-flexion. 
The arm was supported near the elbow joint by a cloth sling attached to the ceiling. 
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of the force-length relationship of muscles, only the EMG recordings for wrist positions 
within a range of 3 cm centered around the rest position were used for further analysis. 
With this restriction the joint angles did not change more than 9° for the elbow and 5° 
for the shoulder joint centered at the rest position (at an elbow joint angle of 90°). The 
movement velocity of the wrist of 1.5 cm/s corresponds, for this rest position, to angular 
velocities smaller than 2.3°/s for the elbow and 1.3°/s for the shoulder joint. 
4.3.2 Data analysis 
All rectified and averaged EMG signals were normalized with respect to the maximal 
amount of EMG activity (100 %) measured from each muscle in the entire experiment. 
The normalized amount of EMG activity was plotted as a function of the movement direc­
tion of the wrist in polar coordinates for each direction of the preload (Figs. 4.4, 4.5 and 
4.6). All polar representations for each muscle have the same scale with the outer circle 
representing 100 %. When the EMG activity of a muscle would show no dependency on 
the movement direction, one should expect a more or less circular distribution of the data 
centered around the origin in this representation. On the other hand, when the distribu­
tion of the data in this representation is not shaped as a circle or when the center of the 
distribution is not located at the origin, this implies that the amount of EMG activity 
depends on the movement direction. To analyze the dependency of the EMG activity on 
the movement direction, an ellipse with the smallest sum of squared radial distances of 
the data points to the ellipse (Fig. 4.2) was fitted to these polar data representations with 
a gradient descent method (Press et al., 1992), using equation (4.1) to describe the ellipse, 
x
° \ + ( cos(®) -sin(S) \ / ЙСОЙ(Ф) \ , . 
yo ) \ βζη(θ) cos{e) ) \ Ьяіп{Ф) J ' [ ' ' 
Here (x'o, yo) represent the coordinates of the center of the ellipse and a (b) the long (short) 
axis of the ellipse. Θ gives the orientation of the ellipse and Φ is the running parameter 
(0 < Φ < 2π). 
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Figure 4.2 Typical exam-
ple of an ellipse fitted to 
the data. The sum of the 
squared radial distances of 
the data points (open cir-
cles) to the ellipse was 
minimized. The location 
of the center point (filled 
circle) was calculated to 
obtain a measure for the 
dependence of the EMG 
activity on the movement 
direction. 
4 . 3 . 3 E x p e r i m e n t a l p r o t o c o l s 
Subjects were tested in three different experimental protocols. 
P r o t o c o l I 
For five subjects the EMG activity of the BIB and BRD was measured for movements in 
twelve different directions (0, 25, 60, 90, 120, 150, 180, 205, 240, 270, 300 and 330°), for 
five different force directions (210, 235, 260, 285 and 315°) for each movement direction 
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(0° corresponds to the direction from the wrist to the elbow joint, see Fig. 4.4). Movement 
directions and force directions were tested in a random order. The rest position during 
these experiments was at an elbow flexion angle of 90° (Fig. 4.4). 
P r o t o c o l II 
Small rotations around the shoulder (δΦ\) and elbow (δΦ2) joint resulting in displace­
ments of the wrist over a distance (δχ, ôy) are related as in equation (4.2) 
where Jfò\^2) is the Jacobian matrix, given by 
Τ(Φ Φ \ = Ι -ιί8ΐη{Φ
ί
)-12άΐη{Φί + Φ2) -12зіп(Фі+Ф2) \ , , 
J { ь 2> \ 11соз(Ф1)+12соз(Ф1 + Ф2) 12соз(Фі_ + Ф2) J' { > 
Here l\ and l2 are the length of the upper arm and forearm, and Φι and Φ2 are the joint 
angles in shoulder and elbow, respectively. The change in the joint angles as a function of 
the displacement of the wiist can, therefore, be written as in equation (4.4) 
'"'(Φι.**) Ζ · (4-4) 
Thus, the amount of change of the joint angles (ίΦι,<5Φ2) depends on displacements δχ 
and δΐ) of the wrist (i.e., on the movement direction, since the ratio öy / δχ gives the 
tangent of the movement direction) as well as on the Jacobian matrix. Since the Jacobian 
is a function of the joint angles Φι and Φ2, the amount of change of the joint angles for a 
displacement (δχ, <5y) of the wrist also depends on the geometry of the arm (Φι, Φ2). 
To investigate the effect of the ïelative changes of the joint angles in elbow and shouldei, 
and theiefore the effect of the relative changes of the lengths of the muscles crossing the 
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joints, on the EMG activity, the EMG activity of the BIB and the BRD was measured at 
thiee different rest positions with elbow angles of 55, 90 and 135° (full extension corre­
sponds to an elbow angle of 180°) (Fig 4 5) The shoulder angle at the rest position was 
zero degiees ante-flexion in all experiments Voluntary slow movements weie performed 
by foui subjects in sixteen different movement directions (0, 20, 40, 60 90, 120, 140, 160, 
180, 200, 220, 240, 270, 300, 320 and 340°) for one force direction (260°) One of the 
subjects was also tested in the first protocol 
In our expenments data was collected for wrist positions within 3 cm of the rest posi­
tion (\/(ίτ) 2 + (ôy)2 < 3 cm) With this restriction, the amount of change of the joint 
angles can be calculated as a function of the movement direction of the wrist for each 
lest position For an elbow joint angle of 90°, displacements of equal amplitude give the 
laigest decrease of elbow joint angle for movements of the wrist m a direction of 305° 
This means that the mono-articular elbow flexor muscles will show maximal shortening 
foi movements of the wrist in this direction For arm postures with elbow angles of 55 
and 135°, the maximal decrease in elbow joint angle occurs for movements of the wrist in 
directions of approximately 279 and 333°, respectively 
Dunng the fiist and second experimental protocol the subjects had to produce a force of 
b N in oi opposite to the movement direction to counteiact the force generated by the 
toi que inotoi in oidei to keep the cable at tension Also an increment (decrement) of 
1 N, to oveicome the friction in the set-up, had to be produced for movements in the 
' pulling' ( 'lelease") dnection The total force exerted at the wiist was therefore the sum 
of these two foices and the force counteracting the gravitational force of the weight As a 
consequence the total force exerted at the wrist was not entirely constant for the various 
movement directions, but varied by about 10-15 % 
Protocol III 
Ίο investigate whether other mono- and bi-articular muscles show similar activation pat­
terns as the BIB and BRD, the EMG activity was measured in BIB, BRD, TLO, TLA and 
DPS for five subjects Voluntary slow movements in twelve different movement directions 
(the same as tested in the first protocol) were investigated for six different force directions 
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(10, 40, 70, 195, 235 and 260°). The rest position was at 90° elbow flexion (Fig. 4.6). 
The position of the wrist during these experiments was not recorded by means of a torque 
motor, but instead by using an OPTOTRAK system. The advantage of this set-up was 
that no forces, other than that to counteract the force exerted by the weight, had to be 
produced at the wrist. In the directions 10, 40 and 70° a force of 20 N was produced, since 
a force of 30 N in these directions was too large for some subjects to perform the constant 
velocity movements. 
Joint torque versus force direction 
When a force of constant amplitude is produced at the wrist, the corresponding joint 
torques will depend on the direction of the force. A force in a direction of 270°. for in­
stance, will cause maximal elbow flexion torque and a force in the opposite direction (90°) 
maximal elbow extension torque (Fig. 4.3). Torque in the shoulder joint also depends on 
the elbow joint angle (rest position). For an elbow angle of 90° the directions of maximal 
flexion and extension torque in the shoulder, respectively, are approximately 220 and 40° 
(depending on the ratio of the distance from shoulder to elbow and from elbow to the 
position of the bracelet at the wrist) (see Fig. 4.3 and Van Bolhuis and Gielen, 1997). The 
joint torque amplitude changes as a cosine function with force direction. Shoulder torque 
is zero for force directions of approximately 130 and 310°. 
Stat is t ics 
In order to obtain a measure of the dependency of the EMG activity of a muscle on move­
ment direction, the vector pointing to the location of the center (xo, Уо) of the ellipse fitted 
to the data was calculated. From the direction Θ of the center with respect to the oiigin 
(Fig. 4.2) as well as from the distance of the center from the origin information about the 
movement-direction dependence could be obtained. The intra-subject variability in the 
location of the center of the ellipse appeared to be much smaller than the inter-subject 
variability (about 100 times). Therefore, only the inter-subject variability was used to 
calculate the significance levels presented in Table 4.1. 
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Figure 4.3 Top view of 
a subject in the rest po-
sition. Polar representa-
tion of the elbow (contin-
uous circles) and shoulder 
(dashed circles) torques as 
a function of the direction 
of force (with constant 
amplitude) produced at 
the wrist for an arm pos-
ture at 90° elbow flex-
ion. The dotted area in-
dicates the region of force 
directions at the wrist re-
sulting in a flexion elbow-
torque and the dashed 
area indicates the region 
of movement directions of 
the wrist corresponding to 
flexion of the elbow. 
To investigate whether for all subjects the centers of the ellipses for one muscle and one 
specific task were all oriented in the same direction with respect to the origin, the set of in-
ner products between all possible pairs of vectors, pointing to the centers, was calculated. 
For N subjects this gives ./V • (N — l ) / 2 inner products. A positive inner product of two 
vectors indicates that the vectors are oriented within an angle smaller than 90°. When all 
vectors are distributed randomly in all directions an equal number of positive and negative 
inner products is expected. The null hypothesis assuming a randomly distributed set of 
vectors, therefore, is that the probability distribution of obtaining a specific set of inner 
products is binomial, centered around an equal number of positive and negative values. 
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From the set ol inner products calculated foi a (eitain muscle or task compaied to the 
binomial probability distribution a confidence level foi rejecting the null hypothesis, and 
theiefoie implying that all vectors tend to be onented in a specific dnection, could be 
obtained The dnettion of the (enter of the polai EMG plot for a muscle foi a certain 
task is called the "preferred movement direction" (PMD) 
In this way we could obtain a confidence level for the occunence of a PMD To investigate 
whether the PMD s differ significantly between muscles or tasks a one-sided Fishei-Pitman 
randomization test (FP test)(Kiauth, 1988) was used The same test was used to inves-
tigate whether a set of centeis differs significantly with respect to the mean distance nom 
the origin between muscles 01 tasks This non-parametnc test investigates whet hei two 
distributions of values of a one-dimensional variable (in this case distance from the origin 
01 dnection of the centers) differ significantly, without assuming a specific probability dis-
tribution of the variable 
4.4 Results 
4.4.1 First experimental protocol 
Figure 4 4 shows polai plots of the aveiaged amount of EMG activity as a function oí 
movement direction and force dnection Each circle gives a polar representation (thick 
continuous lines) of the aveiage EMG value as a function of the movement dnection foi 
a particular force dnection The schematic drawing in the centei of the figuie shows the 
subject m the lest position Data obtained for the BRD and the BIB m the third exper 
lmental protocol was added to the data obtained foi the BRD and the BIB during the 
fust experimental protocol This will be discussed in more detail later In this way nine 
different foice directions were tested, from which two force directions (235 and 260°) weie 
tested m the first as well as in the third piotocol 
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F = 20 Ν 
F = 30 Ν 
subjects (protocol I) and data for force 
directions of 235 and 260ϋ were aver­
aged over 10 subjects (protocol I and 
III). The standard deviation is indi­
cated by the thin continuous lines. The 
arrows pointing from the wrist of the 
subject to the polar plots represent the 
force directions during the movements 
for each polar plot. 
Figure 4.4 Polar plots of the averaged 
amount of EMG activity (thick continu­
ous lines) of the brachioradialis (A) and 
biceps brachii muscle (B) as a function 
of movement direction for various force 
directions. The thick dashed lines indi­
cate the mean PMD's. Data for force 
directions of 10, 40, 70 and 195° were 
averaged over 5 subjects (protocol III), 
data for force directions of 210, 285 and 
315° were averaged over 5 other 
В 
e 
F = 20 Ν 
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Force-direct ion dependency 
Figure 4.4 shows that the amount of EMG activity depends on the direction of force ex-
erted at the wrist. The shape of the polar plots of the EMG activity for vairous movement 
directions is more or less the same for all force directions, whereas the size of the plots 
vary as a function of the force direction The thick dashed lines indicate the mean PMD's 
It shows that for the BRD the mean PMD is moie or less the same for the vairous force 
dnections (Fig. 4.4A) The laigest amplitudes of EMG activity of the BRD are found for 
a foice direction near 285° The amount of EMG activity decreases gradually for other 
iorce directions For the BIB (Fig 4 4B) a similar dependence of the amplitude of the 
polar plots of EMG activity on force diiection can be observed Howevei, it is not tuned 
as sharply as for the BRD. 
Movement -d irec t ion dependency 
Comparrng Figs 4.4A and B, reveals that the EMG actrvity of the BIB does not depend 
on the movement directum in the same way as the EMG activity of the BRD does The 
BIB ïevcals more or less the same amount of EMG activrty for all movement drrectrons 
for each drrectron of force At the contrary, the BRD clearly shows moie EMG activrty for 
movements m directions of approximately 300° for each direction of force Table 4 1 shows 
the locations (distance from the origin (fourth column) and orientation (fifth column) of 
the mean of the centers of ellipses fitted to the data (averaged over five subjects) foi the 
BRD and the BIB for vanous force directions (third column). Data are shown only for 
the force drrections in which the PMD's of the subjects were significantly oriented in one 
drrection The sixth column gives the upper limits of the probability that all of the center 
points (all subjects) were randomly oriented (see Methods section 4 3) 
Table 4.1 shows that the means of the centers of the elhpses fitted to the BRD data are 
located approximately five times as far from the ongin as the means of the centers of the 
elhpses fitted to the BIB data The difference showed to be significant (p < 0 001, FP-test) 
when the data of all force directions were grouped together. 
For the BRD the PMD's were oriented in approximately the same direction (near 300°) 
for each force directum This clustermg of the PMD's was srgnrficant (p < 0 001) for each 
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Table 4.1 The locations of the mean of the center points of the ellipses fitted to the data 
of each muscle averaged over the subjects. 
Figure 
4A 
4B 
5D 
5E 
5F 
5G 
5H 
5.1 
6A 
6B 
6C 
Muscle 
BRD 
BIB 
BRD 
BIB 
TLÜ 
TLA 
DPS 
Force Distance PMD ρ 
direction (deg) (%) (deg) 
235 21.1 305 0.001 
260 25.0 290 0.001 
285 27.1 291 0.001 
315 25.2 293 0.001 
195 3.6 260 N.S. 
210 4.1 226 N.S. 
235 5.0 252 0.005 
260 8.3 271 0.001 
285 5.3 321 N.S. 
315 5.1 349 N.S. 
260 28.2 280 0.002 
260 23.5 292 0.002 
260 25.7 313 0.002 
260 7.6 270 0.002 
260 10.3 265 0.002 
260 17.2 256 0.002 
10 3.4 94 N.S. 
40 1.8 73 N.S. 
70 7.2 113 0.007 
10 8.6 66 0.001 
40 14.3 110 0.001 
70 17.6 119 0.001 
10 18.1 7 0.001 
40 16.8 15 0.001 
70 15.5 8 0.001 
N.S. stands for "not significant" (p > 0.05). 
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foi ce direction listed in Table 4 1 The small differences between the mean PMD's foi each 
force direction were not significant (FP test) Foi the BIB the clustering of the PMD's 
showed to be significant (p < 0 005, ρ < 0 001) for only two force directions (235 and 260°, 
respectively) Combining this result with the fact that the mean centeis of the BRD wore 
located significantly further from the origin than the mean centeis of the BIB, it can be 
stated that the activation patterns of the BRD and the BIB as a function of the movement 
direction aie significantly different The BIB shows no clear movement dnection depen­
dency, whereas the BRD does show a distinct movement-dnection dependency Мок oven, 
the movement-direction dependency of the BRD appears to be independent of the Joice 
dnection 
4.4.2 Second experimental protocol 
Figuie 4 5 shows the EMG activity as a function of movement direction toi expeiiments 
performed at thiee aim postures (elbow angles of 55" (A, D, G), 90° (B, E, H) and 135° 
(C, F, J) Figures 4 5D, E, F show that the activation pattern of the BRD as a function of 
the movement direction changes with arm posture A change of the PMD (dashed lines) 
to largei angles can be observed in Figs 4 5D, E, F, respectively Figures 4 5G, H, J show 
that the activation patterns of the BIB for the thiee aim postures piedominantly (hange 
m size (Fig 4 5H reveals the smallest and Fig 4 5J the largest EMG activity) but not in 
direction 
Foi both muscles the PMD's were oriented in approximately the same direction foi all sub­
jects for each arm posture This clustenng of the PMD's (over subjects) were significant 
(p < 0 002) for both muscles foi each arm posture The mean of the centers (aveiagcd 
ovei foui subjects) for the BRD and the BIB for each arm postine are shown in Table 4 1 
In contrast to the iesults obtained during the fiist piotocol the mean PMD's of the BRD 
weie not in the same direction for eveiy force direction The mean PMD's of the BRD 
change fiom 280 to 292 to 313° for aim postures with elbow angles of 55, 90 and 135°, 
lespectively (Table 4 1) The mean PMD at elbow angles of 55 and 90° differed signi­
ficantly to the mean PMD at an elbow angle of 135° (FP-test P55-135 < 0 020 and 
P9Ü-13S < 0 018) Moreover the PMD's of the BRD data of the foui subjects aie siguí-
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Figure 4.5 Polar plots of the average amount of EMG activity (thick continuous lines) of the 
BRD (D, E. F) and the BIB (G, H. J) as a function of movement direction for three different 
test positions (A, B, C), respectively. The standard deviation is indicated by the thin lines. A, 
В. С The dotted circles give polar iepresentations of the amount of decrease of the elbow angle 
(see Methods section 4.3) as a function of the movement direction of the wrist. The dotted lines 
indicate the directions of maximal dectease of elbow angle. D-J The dashed lines indicate the 
mean PMD's. The force direction was 2G0°. 
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ficantly correlated (coefficient of 0.84) with the movement directions (279, 305 and 333°, 
respectively) at which maximal decrease of the elbow joint angle occurs (dashed lines in 
Figs. 4.5A, В and C, respectively) (p < 0.005; η = 12). This means that the PMD's of 
the BRD show a significant correlation with the direction of maximal shortening of the 
mono-articular elbow flexor muscles (see Methods section 4.3). 
For the BIB a similar shift of the PMD with arm posture is not observed. Moreover, the 
mean distance of the centers to the origin was significantly smaller for the BIB than for 
the BRD (FP test: ρ < 0.001). This means that the activation of the BIB does not show 
a clear dependence on arm posture. 
The results obtained during the experiments at the first and second protocol lead to the 
conclusion that the mono-articular BRD reveals more EMG activity during movements at 
which the shortening of the muscle is largest. This effect does not depend on the force 
direction. The activation of the bi-articular BIB does not show a clear movement-direction 
dependency, and is determined by the force direction only. 
4.4.3 Third experimental protocol 
To investigate whether the activation of other mono- and bi-articular arm muscles reveal 
a similar dependence on the force and the movement direction as the BRD and the BIB, 
respectively, five subjects were tested in the third experimental protocol. We have added 
the data of the BRD and the BIB obtained in the third protocol to the data obtained in 
the first protocol. These data were shown in Fig. 4.4. The results for the other 4 muscles 
are plotted in Fig. 4.6. 
Force-direction dependency 
Figure 4.6 shows that the amount of EMG activity is determined by the force direction, in 
a similar way as shown in the first protocol for the BRD and BIB. The amplitude of the 
polar plots of EMG activity as a function of movement direction is tuned by the force di­
rection. Figures 4.4 and 4.6 show that the force direction at which the maximal amplitude 
of the polar plots of EMG activity is recorded is different for the different muscles. For 
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Figure 4.6 Polar plots of the average amount of EMG activity (thick continuous lines) of the 
TLO (A), TLA (B) and DPS (C) as a function of movement direction for six (10, 40, 70, 195, 235 
and 260°) force directions. The dashed line indicates the mean PMD. The standard deviation is 
indicated by the thin lines. The dotted circles in the center of В and С give polar representations 
of the approximate amount of shortening of the corresponding muscle as a function of movement 
direction of the wrist (movements within the 3 cm range centered around the rest position). The 
dotted lines represent the directions of maximal shortening. For the bi-articular TLO (A) this 
circle was not plotted, since the direction of this circle depends critically on personal parameters, 
such as the ratio of the moment arms of the muscle with respect to both joints. The arrows point­
ing from the wrist of the subject to the polar plots represent the six force directions during the 
movements for each polar plot. 
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instance, the BIB reveals large amounts of EMG activity for force directions producing 
large flexion torques in the elbow and the shoulder joint, whereas the TLO reveals large 
amounts of EMG activity for force directions producing large extension torques in the 
elbow and the shoulder joint. Correlating the difference of the amount of EMG activity 
of the BIB and the TLO to the sum of the elbow and shoulder torque resulted in a high 
correlation with a coefficient of 0.97. 
Movement-direction dependency 
Table 4.1 shows that for the bi-articular TLO there is only one force direction (70°) for 
which the vectors, pointing to the centers of the ellipses fitted to the data of the five sub­
jects, were significantly oriented in one direction (p < 0.007). For the mono-articular TLA 
and DPS all force directions (from which the amount of EMG activity recorded was large 
enough to determine a PMD) resulted in a PMD with vectors, pointing to the centers, 
significantly oriented in one direction (p < 0.001). Moreover, the mean distance of the 
centers of the ellipses fitted to the data of the three mo no-articular muscles (BRD, TLA 
and DPS) relative to the origin was significantly larger (FP-test: ρ < 0.001) than that 
of the two bi-articular muscles (BIB and TLO), which were recorded during the third 
protocol. 
This leads to the conclusion that the TLO does not reveal a clear movement-direction 
dependency (Fig. 4.6A), whereas the mono-articular TLA and DPS do show a clear 
movement-direction dependency (Figs. 4.6B, C). 
4.5 Discussion 
The main aim of this study was to determine the EMG activity of mono- and bi-articular 
muscles in conditions, in which the direction of force and the direction of movement were 
varied independently. The results reveal a clear difference in the activation of mono- and 
bi-articular muscles as a function of force and movement direction, suggesting differences 
in the organizational processes which underly the activation of these two types of muscles. 
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Figure 4.4 shows that there exists a clear difference in the activation of the mono-articular 
BRD and the bi-articular BIB, in such a way that the BRD reveals a clear movement-
direction dependency, whereas the activation of the BIB does not show a dependence on 
the movement direction. The size of the distribution of the EMG activity as a function 
of the movement direction is tuned as a function of the direction of force. The PMD of 
the BRD is, however, unaffected by the force direction. In contrast, the PMD of the BRD 
changes with arm geometry. In the results section we have shown a significant correla­
tion between the PMD of the BRD and the movement direction, which causes maximal 
shortening of the BRD. The BIB did not show such a correlation. The results obtained 
during the third protocol showed that similar results were observed for other mono- and 
bi-articular muscles. Also, a high correlation was found between the difference of' the 
amount of EMG activity of the bi-articular BIB and TLO and the sum of the еІЬл and 
shoulder torque. 
So, the present and previous results demonstrate that for bi-articular muscles the amount 
of EMG activity is exclusively a function of the force direction. For the inono-aiticular 
muscles the amount of EMG activity depends both on the direction of force, as wei; as on 
the movement direction. The mono-articular muscles reveal the largest amounts of EMG 
activity for movements at which they shorten. Remarkably, this movement-direction de­
pendency (PMD) does not depend on the force direction. 
The fact that the mono-articular muscles reveal more EMG activity in the PMD, whereas 
the bi-articular muscles reveal a constant activation as a function of movement direction 
may indicate a conflict with respect to the total sum of EMG activities of all muscles con­
tributing to the task. For movements of the wrist in the PMD of the mono-articular elbow 
flexor muscles the total sum of EMG activities of the muscles will be higher than that 
during movements in the opposite direction. Part of this difference might be explained by 
the force-velocity relationship of muscles. However, it is important to note here that the 
PMD observed for the mono-articular muscles can not be explained by the force-velocity 
relationship of muscles. If this relationship would have caused the PMD observed for 
the mono-articular muscles, a similar movement-direction dependency should have been 
observed for the bi-articular muscles as well. This was not observed. The fact that the 
total sum of EMG activities of all muscles contributing to a task varies for different tasks 
may be similar to previously reported differences in muscles activation for shortening and 
96 Sect ion 4.5 
lengthening movements (Tax et dl , 1990a, b, Theeuwen et al , 1994b) Recent da ta (Van 
Bolhuis et al , 1997) suggest that these differences may be attributed to a different force-
EMG relationship for shortening and lengthening related to differences in recruitment and 
firing rate in shortening and lengthening contractions 
The data of the BRD and the BIB obtained during the third protocol were added to that 
obtained during the first protocol in Fig 4 4 Besides the fact that more muscles were 
studied m the third protocol than in the first protocol, the only difference between the 
first and the third protocol was the force exerted at the wrist Contrary to the forces ex-
erted at the wrist in the first protocol, which were not quite the same for each movement 
direction, the forces in the third protocol were the same for each movement direction 
However, since the BRD and the BIB were recorded simultaneously, the differences in the 
activation patterns of both muscles observed in the first protocol (compare Figs 4 4A and 
B) could not have been caused by the variations m the force exerted at the wrist We 
woie, therefore, allowed to add the data of the BRD and the BIB obtained in the third 
protocol to that obtained in the first piotocol 
Figure 4 6B shows that the TLA reveals a small amount of EMG activity for force direc-
tions of 195, 235 and 260° Presumably this has to be attributed to cross-talk EMG from 
elbow flexoi muscles This effect was not observed in the other extensor muscles (TLO 
and DPS) 
4 .5 .1 T h e o r e t i c a l i m p l i c a t i o n s of t h e r e s u l t s 
It was hypothesized by Van Ingen Schenau (1989) that mono- and bi-articular muscles have 
diffeient functional roles According to his ideas the bi-articular muscles were thought to 
control the direction of force at the end effector Our data do support this hypothesis, 
since the activation of the bi-articular muscles did not depend on movement direction, but 
did depend on the direction of force at the wrist only 
Gielen and Van Ingen Schenau (1992) explained, that the bi-articulai muscles also play an 
important role with regard to the efficiency of movements There are several combinations 
of foice and movement direction in which a joint torque may be opposite in sign to the 
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change ni joint angle which coiiesponds to the movemeiir diiection Tins is îllustiated in 
Fig 4 3 The dotted area shows the legion with foice vet tens for which the elbow toique 
has a positive sign (ι e toique in flexion direction ) The dashed aiea shows the iegion with 
displacement vcctois which require elbow flexion In the iegion which is both dotted and 
dashed the mono-aiticulai elbow flexor muscles contnbute positive woik to the movement, 
since the direction of elbow torque and rhange m elbow joint angle have equal sign In 
the legions which aie eithei dotted οι dashed the diiection of elbow toique and change 
in elbow joint angle have opposite sign As explained by Gielen and Van Ingen Schenau 
(1992), this implies that a mono-aiticulai elbow flexoi шиьсіе would dissipate woik, lathcu 
than contribute woik to the movement In oider to impiove the efficiency of the move 
ment the mono-aitic ulai elbow muscles should Ы a< tivated only in the dotted/dashed area 
In a latei study (Van Ingen Schenau et al 1995) this liiteipietation seemed to be quanti 
tatively suppoited both foi eye ling and foi running by a s tnkmg coiiespondence between 
the phases of shoitening of the mono-aititular muscles and their phases of foice pioduc-
tion Though I he present obseivations aie completely consistent with those data since, 
indeed, mono-aiticulai muscle do show little activity m the diiection of muscle lengthen­
ing, these cycling and running data led the pievious authors to the wiong conclusion that 
the activation of mono-articular muscles is exclusively based on position information 
In experiments on a dynamometer which was espec ìally designed to allow an independent 
vanation of fon e and movement direction Dooienbosch and Van Ingen Schenau (1997) 
failed to confimi this mteipietation (Van Ingen Schenau et al , 1995) Entnely consistent 
with the piesent arm data, howevei, they found that the activity of the mono-articular 
muscles is not only dcteimined by the extent to which the \ shoiten but also by the diiec-
tion of the external foice This led them to the suggestion that the centi al nei vous system 
might use diffeient strategies, possibly guided by difference s in feedback about the desired 
external foice 
However, in the light of the piesent data, the mteipietat ion of the hypothesis can be 
reformulated in a much more convincing (and testable) form than tlu^e moie qualitative 
previous descnptions The present data convincingly show that then den-, indeed exist 
a fundamental difference in the organizational piocesses which undeily ihc a< tivalion of 
mono- and bi-articular muscles This conclusion is based upon the obseivations that 
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I the activation of the bi-articulai antagonists appears to be exclusively based on the 
lequned force direction, îriespective of whethei these muscles lengthen or shorten 
II the piefened movement direction of the mono-articular muscles appears to be exclu-
sively based on information of movement direction and appeals entirely independent of 
force dnection 
Due to the limited range of movement directions which could be realized during leg exten-
sions on the dynamometer by Doorenbosch and Van Ingen Schenau (1997), the concept of 
a PMD could not be demonstrated in the leg movements Nevertheless, this reformulation 
is entirely applicable for previous aim- and leg data (Doorenbosch and Van Ingen Schenau, 
1997, Van Ingen Schenau et al , 1995, Jacobs and Van Ingen Schenau, 1992a, b, Theeuwen 
et al , 1994b) 
Cleaily, this does not mean that we know how the magnitude of the ellipses, which repre-
sent the activity of the mono-articular muscles, is modulated on the basis of force direction 
information However, what is aheady impoilant foi theones on motor control is that this 
hypothesis is largely consistent with the idea of Bernstein (1967) and more recent authors 
(e g Georgopoulos et al , 198G, Karst and Hasan, 1990, Bizzi et al , 1992, Feldman and 
Levm, 1995) that a single control vectoi of desired movement direction (or its derivative) 
in the external space might be used in the organization of muscle activation in our case 
to specify the PMD of the mono-articular muscles In addition to those studies, however, 
we have to conclude that one needs at least one second independent control vector (the 
external foice) in order to explain the observed activity patterns of the bi-aiticulai muscles 
and the modulation of the magnitude of the ellipses of activation of the mono-articular 
muscles This second contiol vector is not compatible with any theoiy based on point 
attractor dynamics 
5 

A comparison of models 
explaining muscle activation 
pat terns for isometric contractions 
5.1 Abstract 
One of the main problems in motor control research is the load sharing problem. This 
problem originates from the fact that the number of muscles spanning a joint exceeds the 
number of degrees of freedom of the joint. As a consequence many different possibilities 
exist for the activation of muscles in order to produce a desired joint torque. Several 
models describing muscle activation have been hypothesized over the last few decades to 
solve this problem. 
This study presents theoretical analyses of the various models and compares the predictions 
of these models with new data on muscle activation patterns for isometric contractions 
in various directions. None of the existing models gave a perfect fit to the experimental 
data. The best fit was obtained by models predicting muscle-force distributions based 
on the Moore-Penrose pseudo-inverse and based on minimization of the squared sum of 
muscle stress σ (Σσπι) 0 I m u s c l e activation a ( ^ a ^
n
) . Since muscle activation patterns 
m m 
are different for isometric contractions and for movements, it could well be that other 
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models or optimization criteria are better suited to describe muscle activation patterns for 
movements. 
The results of our simulations demonstrate that the predicted muscle activation patterns 
do not depend critically on the parameters in the model. This may explain why muscle 
activation patterns are highly stereotyped for all subjects irrespective of differences be-
tween subjects in many neuro-anatomical aspects, such as for example in the physiological 
cross sectional area of muscle. 
5.2 Introduction 
For most isometric forces and movements of a limb, subjects could in principle use a 
multiplicity of possible muscle activation patterns. One of the major problems in motor 
control deals with this problem of having an apparently redundant effector system (e.g. 
Mussa-Ivaldi and Hogan, 1991; Gielen et al., 1995). We prefer to add the adverb "appar-
ently", since the versatility and flexibility of limbs allows most positions in space to be 
reached by multiple joint configurations and muscle activation patterns. Yet, any disorder 
of the effector system will become prominent in one way or another, most obviously during 
complex movements. 
The apparent redundancy becomes evident in several aspects. One aspect concerns the 
relatively large number of joints which allows an infinite number of possible movement 
trajectories, for the limb to reach a target position. Yet, humans show highly stereotyped 
movement trajectories and this aspect has received much attention recently (see e.g. Sabes 
and Jordan, 1997; Harris and Wolpert, 1998). 
In this chapter we will focus upon another aspect of apparent redundancy, i.e. the load 
sharing problem which is related to the fact that the number of muscles acting across 
a joint exceeds the number of degrees of freedom of the joint. For example, the human 
elbow has 2 degrees of freedom (elbow flexion/extension and supination/pronation) and 
there are at least 7 muscles acting across the elbow joint. The relatively large number of 
muscles allows an infinite number of possible muscle activation patterns for the same joint 
torque. Yet, subjects tend to reveal the same activation patterns for a given task (e.g. 
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Van Zuylcn et al., 1988a; Tillery et al , 1995; Van Bolhuis et al., 1998). 
When muscles are activated to produce force, the resulting joint torques T¿ are related to 
the muscle forces <j>j by the following equation 
Τ = Α{ξ)φ. (5.1) 
Here TeIRn is a vector representing the (n) joint torques and феМт is a vector represent­
ing the (m) muscle forces. The component Aij(q) of matrix A(q) represents the moment 
arm of muscle j with respect to the joint i for a limb configuration for joint angles (/e Ліп. 
The fact that there are more muscles than degrees of freedom (m > n) causes that a par­
ticular joint torque component Т
г
 can be produced by a large number of muscle activation 
patterns (</>). However, experiments have shown that subjects tend to reveal the same 
activation patterns for a given task (e.g. Van Zuylen et al., 1988a; Tillery et al., 1995; 
Van Bolhuis et al., 1998). The underlying principles for the selection of one solution out 
of the many possible activation patterns have been the topic of many studies in the last 
decades (e.g. Yeo, 1976; Crowninshield and Brand, 1981; Happée, 1992; Collins, 1995). 
The approaches to solve this problem can roughly be subdivided into two groups. 
The first type of approach tries to find an inverse of the matrix A in equation 5.1. The 
fact that A has more columns than rows means that the regular inverse A~l of A does 
not exist. However, it is possible to define a so-called pseudo-inverse A+ which obeys the 
equation 
A+f= φ. (5.2) 
Klein and Huang (1983) showed that for an under-determined problem the most simple 
pseudo-inverse, the so-called Moore-Penrose pseudo-inverse, which satisfies equation 5.2, 
is given by 
A+ = AT (AAT)-\ (5.3) 
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where A iefeis to the transpose of matrix A The use of the Mooie-Penrose pseudo-
inverse leads to solutions φ with the minimal norm ΣΦϊηι w n e r o the index m runs ovei 
m 
all muscles In Theory section 5 3 we will discuss the pseudo-inveì ses m more detail A 
dnect consequence of a model using matrix multiplications as an attempt to solve the 
îedundancy problem is that the model is linear, meaning that muscle forces are linearly 
related to joint torques 
In addition to approaches using pseudo-mvcrses, approaches of a more phenornenological 
nature have been proposed Ihese approaches hypothesize new constraints m addition 
to the η constraints stated in equation 5 1 to resolve the redundancy Optrmization of 
certain objective functions, like mmirmzation of the total muscle force (Yco 1976) or min­
imization of the total metabolic energy consumption (Happée, 1992), ìediues the number 
oí possrble solutrons oí equation 5 1 to one unique solution 
As explained above, several approaches have been proposed to explain or to descrrbe the 
particular choice of muscle activation patterns In many studies the predictions of a single 
model were compared with data obtained in one particular experimental paradigm, which 
was usually diffeient foi different models (e g Yeo, 1976, Ciowmnshield and Brand, 1981, 
Happée 1992, Doorenbosch and Van Ingen Schenau, 1995, Prilutsky and Gregor, 1997) 
Because of the different experimental paradrgms and data sets the results of these studies 
do not allow to compare the performance of the varrous models wrth each other, which 
makes it hard to verify or falsrfy the predictions of varrous models on the same data set 
The arm of this study was to compare varrous models by calculating the predrcted muscle-
force distribuions of human arm muscles for each model for the same set of experimental 
data These piedrcted muscle actrvations were compared with the EMG activity measured 
m various arm muscles Subjects were instructed to produce isometric forces at the wrist 
in various drrections in the horizontal plane at shoulder height for several arm postures 
The íesults suggest that models minimizing a function of some muscle property, like muscle 
force, stress or activation provrde the best description of the isometiic activatron patterns 
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5.3 Theory 
In this paragraph we will first discuss models using pseudo-inverses. Subsequently, models 
optimizing different objective functions will be considered. 
5.3.1 "Pseudo-inverse" models 
As explained by Klein and Huang (1983), a pseudo-inverse of a matrix A is most often 
defined as a matrix A+ satisfying the equation 
AA+A = A. (5.4) 
Besides satisfying equation 5.4, the Moore-Penrose pseudo-inverse (equation 5.3) also sat­
isfies the equations A+AA+ = A+, (A+A)* = A+A and {AA+)* = AA+, where the 
superscript * indicates the complex conjugate transpose. The Moore-Penrose pseudo-
inverse (which will be referred to as the MP model) finds the vector φ, which has the 
norm l^ nu/zl = 0 in the null space of matrix A. This means that any solution given by the 
MP model corresponds to a solution with minimum norm (J2 <$
n
)(Klein and Huang, 1983). 
m 
A well known problem with the Moore-Penrose pseudo-inverse is, that it is non-integrable. 
This means that integration of muscle force along a closed path in torque space will in 
general lead to non-zero results {§ фмр(Т)аТ φ 0). This implies that the Moore-Penrose 
pseudo-inverse predicts that the muscle activation pattern depends on previous activa­
tions. Klein and Huang (1983) addressed this problem for the case of a kinematically 
redundant manipulator by simulating repeated closed-loop movement trajectories of the 
end effector. Their study demonstrated that the simulated joint angle geometries are dif­
ferent for the same position of the end effector in subsequent cycles of the trajectory. Since 
history dependent joint angle configurations have not been reported in the literature, the 
MP model was rejected for the kinematic redundancy problem. When the MP model is 
used for the load sharing problem, relating joint torques to muscle forces, it will predict a 
hysteresis for muscle activations for repeated changes in isometric force at the end effector. 
For muscle activations, hysteresis effects have been demonstrated for periodic force tasks 
(Entyre et al., 1987; Entyre and Kelly, 1989; Kostyukov, 1998), which was the reason for 
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dq 
joint angle 
dÀ 
muscle length 
Figure 5.1 Schematical 
iepresentation of a network 
indicating the relations be 
tween infinitesimal changes 
in joint torque, joint an-
gle and muscle force, mus-
cle length (see also Mussa-
Ivaldi et al , 1988) 
dT 
joint torque 
αφ 
muscle force 
us take the MP model into consideration foi this paper 
Derivat ion of a class of integrable pseudo-inverses 
In 1991 Mussa-Ivaldi and Hogan derived a class of integrable pseudo-inverses for impedance 
conti ol by kinematically iedundant manipulators Similarly to their denvation we will now 
piesent a denvation foi integrable pseudo-inverses relating a set of joint toiques to a set 
of muscle forces in a unique way 
As illustrated by Fig 5 1 a set of infinitesimal changes in joint angle (dq) can be related 
to a set of infinitesimal changes in joint torque (dT) by equation 
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df = Rdq <*> dq = R-ldf, (5.5) 
where R (ñ _ 1 ) is the (inverse of the) joint-stiffness matrix. When R is negative definite, 
the system will be stable and the existence of an inverse of R ( Д - 1 ) is guaranteed (see sub­
section on Stability constraints). Similarly, the corresponding set of infinitesimal changes 
in muscle length (d\) can be related to a set of infinitesimal changes in muscle force (άφ) by 
άφ = Κά\ & άλ = Κ~ιάφ, (5.G) 
where Κ {Κ~λ) is the (inverse of the) muscle-stiffness matrix. Because К is a diagonal 
matrix with non-zero diagonal elements, the existence of the inverse K~l of К is guaran­
teed. Since the moment arm of a muscle can be written as the derivative of muscle length 
with respect to joint angle, we obtain 
ATdq = d\, (5.7) 
where AT is the transpose of the matrix containing the moment arms of the muscles acting 
over the joints. Using equation 5.5 and 5.6, equation 5.7 can be transformed into another 
basis by 
AT {R-1 df) = {K~x άφ) & {К AT R-1) df = άφ. (5.8) 
The product of matrices К AT R~1 denotes the new pseudo-inverse. From equation 5.1, 
we obtain 
M M 
аТ
г
 = ^
 Aim афт + 5Z dAtm Фт, (5.9) 
m = l m = l 
where the summation is over all M muscles. Mussa-Ivaldi and Hogan (1991) showed that 
non-integrability of the pseudo-inverse arises from the fact that often only the first term 
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oí equation 5.9 is taken into consideration neglecting the change of the muscles moment 
arm (dA). Since the moment arms AtJ depend on the joint angles, the second term of 
equation 5.9 can be rewritten as 
£ d (ψ±) Фт = Е(Е Ργ~ Фт ¿Δ = Σ Г.п dq
n
 = Г
г
 dq. (5.10) 
Substitution of equation 5.10 in equation 5.9 and using equations 5.6 and 5.7 results in 
df = Adcp + Tdq = (AKAT + г ) dq. (5.11) 
In equation 5.11 the term between brackets represents the joint stiffness (R). Substituting 
this joint stiffness into the right-hand side of equation 5.8 results in the description of the 
integrable pseudo-inverse for stiffness control as in given in the following equation 
A+= K AT (AK AT + ή ' 1 . (5.12) 
Equation 5.12 gives the most general expression for a generalized pseudo-inverse (Foster, 
1961; Strand and Westwater, 19G8). 
The model using the pseudo-inverse of equation 5.12 will be referred to as the passive-
motion paradigm (PMP, Mussa-Ivaldi et al., 1988) in this paper and corresponds to min-
imization of the expression άφ K~ άφ (Ben-Israel and Greville, 1974; Mussa-Ivaldi and 
Hogan, 1991). Using equation 5.G we can write this expression as drfrdX, which is related 
to the amount of work produced by a muscle for an infinitesimal change of muscle length. 
Therefore, this paradigm is related to the principle of minimization of total work delivered 
by all muscles, proposed by Gielen and Van Ingen Schenau (1992). A difference, however, 
between the PMP model and the principle stated by Gielen and Van Ingen Schenau (1992) 
is that the latter can only be used for movements, whereas the PMP model can also be 
used in isometric situations by assuming virtual passive displacements of the end point 
near an equilibrium position of minimum potential energy. 
Theory 109 
Stability constraints 
Stability of a limb posture requires that a change in joint angle due to an external per­
turbation induces a joint torque acting against the perturbation. Therefore, in order to 
guarantee stability in the joints, all eigenvalues of the joint stiffness matrix R (see equa­
tions 5.5 and 5.11) have to be negative. This means that R has to be negative definite 
(Ogata, 1970). Dornay et al. (1993) showed that in order to maintain stability in the 
posture of a limb, the following equation should be satisfied for all joints г and j of the 
limb : 
Г
Ч + Σ^πι,ι Mmj K
m
) < 0. (5.13) 
m 
Here ßm<t = d\m/dqt denotes the moment arm of muscle m with respect to joint i. 
Since muscle can only pull, not push, the sign of muscle force ф
т
 is defined negative. 
Then muscle stiffness K
m
 = дф
т
/д\
т
 of muscle m is negative too for all m and the 
product μ „
Μ
 ßmj Km < О for г = j . For mono-articular muscles we have the equality 
ßm,i Mm j Km = 0 for г φ j and ßm,ißm,3Km = ¿
т
^К
т
 < 0 for г - j . The bi-articular 
muscles spanning the elbow and shoulder joints contribute to either flexion of both joints 
(biceps muscle) or to extension of both joints (triceps longum muscle). This means that 
μ
ιη
,ι and ßmj will have equal sign and therefore their product will always be positive. So 
for all arm muscles, the second term in equation 5.13 is always smaller than or equal to 
zero, which is favorable for the stability. 
From equation 5.10 it follows that Т
г] defined by 5Zm[((ô2Àm)/l{dqldqJ)) фт] is propor­
tional to muscle force ф
т
, which is always negative since muscles pull and don't push. 
This means that when d2X
m
/dqldqJ, i.e. the second derivative of the length of muscle 
m with respect to joint angles qt and q^, is negative for a particular muscle, the term 
{d2X
m
/dqldqj) фт will become positive. Since Γ υ is the summation of these terms over 
all muscles, Γ
υ
 could become positive. This could lead to violation of equation 5.13 and 
therefore to joint instability. Generally, in order to maintain stability in the joints, an 
increase of a positive value of Т
г] due to an increase of muscle force should always be 
smaller than the corresponding increase of the absolute value of the negative second term 
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in equation 5.13 due to an increase in muscle stiffness. The way the motor-control system 
deals with the abovementioned problem has been a topic of several studies (Dornay et al., 
1993; Shadmehr, 1993) and will be discussed in more detail in the Discussion section 5.6.4. 
5.3.2 "Optimizat ion" models 
In the last two decades several optimization criteria have been suggested to reduce the 
number of possible solutions of equation 5.1 to one unique solution. Most of these optimiza­
tion criteria suggested a minimization of the sum over all muscles of some muscle related 
property, like for instance muscle force, muscle stress or muscle activation, or the amount 
of metabolic energy consumed by a muscle, under the constraint that all muscles together 
produce the required joint torques. Therefore, the general cost function to be minimized is 
С(Ф) = Σ&(Φ) + HT-Αφ), (5.14) 
m 
where f (φ) stands for muscle force, muscle stress, muscle activation or metabolic energy 
consumption and where A is a so-called Lagrange multiplier. 
In this paragraph we will first discuss the various suggested properties. Then we will 
discuss the effects of minimizing the sum of quadratic or third order powers of these quan­
tities. Thirdly, we will briefly mention some other optimization principles. 
Total muscle force 
The most simple criterion is the minimization of the total sum of muscle forces (ΣΦτη) 
m 
under the constraint f = A{q) φ (e.g. Yeo, 1976; Kaufman et al., 1991). With this model, 
the distribution of muscle forces is such that the muscles with the largest moment arms 
are preferably activated, since this gives the largest joint torques Τ for the smallest muscle 
forces φ. 
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Total muscle stress 
Cholewicky et al. (1995) and Collins (1995) suggested the minimization of the total amount 
of muscle stress (Σ о
т
)· Muscle stress (σ) is defined as the amount of tensile muscle force 
m 
(φ) per unit of physiological cross sectional area (PCSA) of the muscle. Therefore, in 
isometric conditions muscle stress is a measure of the amount of muscle activation. 
Total muscle activation 
The amount of muscle force for a given muscle activation also depends on the muscle 
length and on the shortening or lengthening velocity of the muscle. Therefore, in order 
to obtain a measure for the amount of muscle activation (a), taking into account limb 
position and movement velocity, one has to correct for the effects of the force-length and 
force-velocity relationship of muscles. In equation 5.15 a is a measure for the amount 
of muscle activation in units of N/cm2. FL is a factor accounting for the force-length 
relationship of muscles and FV is a factor accounting for the force-velocity relationship of 
muscles. The product between brackets equals muscle stress (a). 
<f>={a-FL- FV)-PCSA. (5.15) 
When FL and FV are set to the value 1 (which implies isometric contractions), minimiza­
tion of the total amount of muscle activation ( Σ «m) is identical to minimization of the 
m 
total amount of muscle stress. 
Total muscle metabolic energy consumption 
Happée (1992) suggested a minimization of the amount of metabolic energy consumption 
of muscles. He suggested that the amount of metabolic energy consumption of a muscle is 
the product of the amount of muscle activation (am) and the muscle volume, where muscle 
volume is given by the product of muscle length Am and the cross-sectional area PCSAm 
of the muscle. By this definition, the metabolic energy consumption to be minimized is 
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Σ. X
m
PCSA
m
a
m
. 
m=l 
N o m e n c l a t u r e 
For the remainder of the paper we will refer to the minimization of total muscle force as 
model F, the minimization of total muscle stress as model S, the minimization of total 
muscle activation as model A and to the minimization of the total amount of metabolic 
energy consumption as model E. 
T h e effect of minimiz ing the s u m of quadratic or third order power terms 
The conformity of the abovementioned models is that a linear sum of the muscle properties 
is minimized (Σ (muscle property)^, ρ = 1). Minimizing a linear sum (for p = l ) leads to 
m 
predictions of muscle-force distributions, where the contribution of one "most effective" 
muscle is maximal and where the number of activated muscles is minimal. For instance, 
for minimization of total muscle force, the muscle with the largest moment arm will be 
the most effective muscle, as already explained before. 
In addition to minimizing the linear sum of the abovementioned quantities, it has also 
been suggested to minimize the sum of squares (p = 2)(e.g. Van Der Helm, 1991; Karlson, 
1992), or the sum of the third order powers (p = 3)(e.g. Crowninshield and Brand, 1981). 
The result of taking ρ > 1 is that it favors muscle-force distributions where all muscles 
contribute a little, rather than one muscle taking all the load. This can be understood 
from the following. Since xp < χ for 0 < χ < 1 and ρ > 1, it may more advantageous 
to activate several muscles a little with activation y
m
 rather than one single muscle with 
activation x. Although not all muscles will be equally effective such that J2
m
 Vm > χ, the 
sum J2m Утп т а У D e l e s s than xp since y
m
 < χ for all m. Therefore, potential synergistic 
muscles tend to be activated together and less differentiation with respect to the anatom­
ical parameters A, PCS A, FL, FV or λ will occur. Models with ρ > 2 will strive for 
extensive synergies in muscle activation in order to keep the contributions of each single 
muscle as small as possible. In Table 5.1 all models considered in this study are listed. 
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Table 5.1 Survey of the minimization functions for all "optimization" models. 
Model 
MP 
PMP 
F(p) 
S(P) 
A(p) 
E(P) 
Minimization function 
M 
Σ Фт 
M 
Σ d(j)in dXm 
m = l 
M 
Σ Φ?η 
m=l 
M M 
Σ WPCSA)p
m
 = Σ < 
m=\ m=l 
M 
Σ (Φ/iPCSA • FL • FV)Y
m
 = 
m=l 
M 
Σ (A
m
 · PCSA
m
)aV
m 
M 
= У a
p 
i—i ^ТП 
m—l 
For each model the corresponding minimization function is given in the second column. 
5.3.3 Other models 
In addition to models minimizing the sum over all muscles of some muscle related property, 
also models minimizing macroscopic quantities, like total fatigue, have been suggested (e.g. 
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Dui et al., 1984). Minimizing total fatigue of the system is equivalent to maximizing the 
minimal endurance time of a muscle to produce a force. Since endurance time is a con-
tinuously decreasing function of muscle stress, this is identical to minimizing the maximal 
muscle stress over all muscles. However, as was shown by Dui et al. (1984) and Happée 
(1992), this model does not always reduce the number of solutions to one unique solution. 
For this reason we did not consider this model in this study. 
5.4 Methods 
5.4.1 Simulation methods 
To obtain a better insight in the extent to which various minimization principles lead to 
different predictions, the distribution of muscle forces as a function of the direction of 
isometric force at the wrist was calculated for each minimization principle. For this pur-
pose, we defined G groups of muscles (mono-articular elbow flexors (MEF) and extensors 
(MEE), mono-articular shoulder flexors (MSF) and extensors (MSE), bi-articular flexors 
(BIF) and extensors (DIE)). All simulations were performed for these 6 muscle groups. By 
forming muscle groups, the assumption is made that the muscles within each group are 
activated proportionally with a constant mutual ratio in all conditions of the experimental 
paradigm. In the Discussion section 5.6.3 the question whether or not this assumption is 
valid will be discussed. 
For each muscle group an effective value for the anatomical parameters was calculated. The 
M 
effective value PCSAejj was defined as the sum 5Z PCSAm over all muscles in the muscle 
m=\ 
group. The effective moment arm and muscle length of a muscle group were mean values, 
averaged over all muscles of the group, each weighted by the factor PCSAm/PCSAeff. 
For each muscle group, the effective value for the factor accounting for the force-length 
relationship was estimated with the force-length relationship for sarcomeres given by Van 
Zuylen et al. (1988b). The total physiological range of sarcomere lengths was matched to 
the total range of muscle lengths, which was estimated by the total physiological range of 
the relevant joint angles. This resulted in the following relationship of FL as a function 
of joint angle : 
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FL = 1 + 0.78 x ({qt - qlfi) /4,0 ), Чг < <7г,0 
FL = 1, qlfi <Яг< 1.06g,,o (5.16) 
FL = 1 - 1.75 χ (( 9 l - 1.069l,o) /</,,o), 1-06ς,,0 < дг 
where ql represents the relevant joint angle. qtß is the joint angle corresponding to the 
rest length of the muscle group. For each group, д
г
$ was chosen to be in the middle of the 
total physiological range of the joint angles (-45 to 100° for shoulder flexion/extension in 
a horizontal plane at shoulder height and 0 to 140° for elbow flexion/extension). Foi the 
bi-articular muscles q
x
 was replaced by <¡f+ qf, and qx$ by <?f о + ^ f о > where the superscripts 
e and s represent the elbow and shoulder joint, respectively. The values oí' FV were all 
set to one, since only simulations for isometric contractions were done. Estimates of the 
derivatives of the moment arms with respect to joint angle, which occur in the calculation 
of the term Г in equation 5.10, were obtained using data from Pigeon et al. (1996). The 
effective values for all anatomical parameters used in this study are presented in Table 5.2. 
In order to investigate differences between the predictions of different models, we have 
first calculated the predictions of the various models with the parameter values shown in 
Table 5.2. However, we have to keep in mind that the parameter values used in our simu­
lations are taken from the literature and usually represent average values of data obtained 
from several subjects. Moreover, since effective values were calculated for the parameters, 
relatively large uncertainties in these values can be expected. By varying the parameter 
values one by one by 25 % for each model, it was possible to investigate the effects of the 
uncertainties in the parameter values on the predictions of each model. 
Simulations using the optimization models F, S, A and E were performed with the CONSTR-
routine from MATLAB, which uses a sequential quadratic programming method (Branch 
and Grace, 1996). Simulations of models MP and PMP were done using a different it­
erative procedure. In N steps of size AT (AT = (T - T0)/N) a torque distribution (T) 
was built up from the starting point To = 0. For each AT the corresponding Αφ was 
calculated using A+ of equations 5.3 and 5.12 for the MP and PMP model, respectively, 
and φ was adjusted by φ
ηευι
 = ф0ц + Αφ. For model PMP muscle stiffness was chosen 
to increase linearly with muscle force (K
m
 = сф
т
), where с is a constant. The value of с 
was varied to investigate its effect on the stability of the system. To prevent zero muscle 
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Table 5.2 Literature values used for the parameters in the models in this study. 
The fiist row indicates the 
muscles which were taken 
into consideration for each 
group The abbreviations 
for the muscle groups re­
fer to mono-articular el­
bow flexors (MEF) and 
extensors (MEE), mono­
articular shoulder flex­
ors CMSF) and extensors 
(MSE), bi-articular flex­
ors (BIF) and extensors 
(ΒΙΕ)). The muscle group 
MEF consisted of the bra-
chioradialis (BRD) and 
brachialis muscles (BRA), 
MEE of the triceps caput 
lateralis (TLA) and tri­
ceps caput medialis mus­
cles (TME) and MSF 
of the deltoideus ante­
rior (DAN) and pectoralis 
muscles (PEC). The sec­
ond and third rows of 
Table 5.2 give the muscle lengths (λ) and the physiological cross sectional areas (PCSA) of the 
muscle groups, respectively. The fourth and fifth rows give the moment arms of the muscles with 
respect to the shoulder (μι) and elbow (μ2) joint, respectively. The sixth and seventh rows give 
the estimates of the derivatives of shoulder moment arms to shoulder rotation (άμ
λ
 /dq\ ) and of 
elbow moment arms to elbow rotation (dß2/dq2), respectively. The last rows give the correction 
factor (FL) for the force-length relation. Data was obtained from Wood et al. (1989) for rows two 
and three, from An et al. (1981) for row three, from Pigeon et al. (1996) for rows four, five, six 
and seven and from Van Zuylen et al. (1988b) for row eight. 
λ 
(cm) 
PCSA 
(cm2) 
Mi 
(cm) 
μι 
(cm) 
dßi/dqx 
(cm/rad) 
dß2/dq2 
(cm 1 rad) 
FL 
Elbow 
angle 
60 
90 
120 
60 
90 
120 
60 
90 
120 
MEF 
17 
9.4 
-
-2.8 
-3.6 
-3.8 
0 
-0.1 
0.1 
0.5 
0.72 
0.89 
0.98 
MEE 
23 
10 
-
2.2 
1.9 
1.6 
0 
-0.1 
0.1 
0.1 
0.48 
0.85 
0.94 
BIF 
32 
3.9 
-2.9 
-2.9 
-4.2 
-4.8 
1 
-0.1 
0.1 
0.5 
0.94 
1 
0.87 
ΒΙΕ 
31 
5.9 
2.5 
2.2 
1.9 
1.6 
-1 
-0.1 
0.1 
0.10 
0.97 
0.98 
0.90 
MSF 
19 
9.7 
-4.3 
-
-
1 
0 
0 
0 
1 
1 
1 
MSE 
19 
3.9 
7.9 
-
-
-1 
0 
0 
0 
1 
1 
1 
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stiffness, which leads to a matrix A+ with zeros only, the starting point for φ was chosen to 
be φο = — 0.0001І . The direction of muscle force was chosen negative, since muscles can 
only pull. This choice and the choice of the starting point (φο) had no significant effect on 
the results of the simulations. For model PMP the value of K
m
, and therefore the value of 
A+, was adjusted at each iteration using equation 5.12 and the abovementioned equation 
for K
m
. This was different for model MP, where the value of A+ remained constant during 
the whole iteration process. 
When forces of constant amplitude are produced in various directions in the horizontal 
plane, the corresponding joint torques as a function of the force direction will be cosine 
shaped. It is explained in the appendix that when a model predicts cosine shaped muscle-
force distributions without co-activation of antagonistic muscles, this indicates that the 
model is linear, which means that the model predicts activation patterns with a linear 
relation between the muscle forces and the joint torques. 
For models with ρ = 1, two possible scenarios of muscle-force distributions can be ob­
served. To illustrate this, Fig. 5.2 shows three schematical drawings of a subject producing 
a constant force F at the wrist in a direction of approximately 240°. The continuous and 
dashed circles give polar plots of the flexion torque in elbow and shoulder, respectively, 
as a function of the direction of force F. Therefore, OE gives the amount of elbow torque 
and OS the amount of shoulder torque corresponding to the force F in the direction of 
240°. The first scenario of how the muscle forces may be distributed could be such that 
the mono-articular muscle groups will produce the total torques with the contribution of 
the bi-articular muscles set to zero. In this scenario, the distribution of muscle forces as 
a function of the direction of a force F for the mono-articular elbow and shoulder flexor 
groups will be equal to the continuous and dashed circles in Fig. 5.2, respectively. A 
second scenario could be that the bi-articular muscles are activated such that their con­
tributions to joint torque are maximal. In that case the contribution of the bi-articular 
muscle will be equal to the elbow or shoulder torque, whichever is smallest. In the sit­
uation of Fig. 5.2 this is the elbow torque (OE). The remaining shoulder torque (ES) 
will then be contributed by the mono-articular shoulder flexor group. This scenario will 
lead to muscle-force distributions as indicated by the thick continuous lines in Fig. 5.2. 
The thick continuous lines in Figs. 5.2A, В and С give polar representations as a function 
of the force direction, of the muscle forces of the mono-articular elbow-flexor group, the 
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Figure 5.2 A Schematic ¿il drawing of a subject producing a force at the wast m a direction of 
appioximateh 240° The thin continuous and dashed circles aie polar representations of the elbow 
and shoulder torque as function of the direction of the externally produced forces, respectively 
The thick continuous line indicates the muscle-force distribution of the mono-articular elbow-
flexor muscle as a function of foice direction foi the second activation scenario В and С give 
similar iepresentations as A for the bi-articular flexor muscle and the mono-articular shoulder-
flexor muscle, respectively 
bi-aiticular flexor group and the mono-articular shoulder-flexor gioup, respectively. 
5 .4 .2 E x p e r i m e n t a l p r o c e d u r e 
The experimental procedures used in this study have been approved by the medical/ethical 
committee of the University of Nijmegen and were set up in accordance with the ethical 
standards laid down in the 1964 Declaration of Helsinki. All subjects tested (n = 7) gave 
their informed consent prior to each experiment. None of the subjects had any known 
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history of neurological or musculoskeletal disorder. 
In order to compare the simulated activation patterns with measured muscle activation 
patterns, electromyographic activity (EMG) was measured from 7 arm muscles : two 
mono-articular elbow flexor muscles (brachialis (BRA) and brachioradialis (BRD)), one 
mono-articular elbow extensor muscle (triceps lateralis (TLA)), one bi-articular flexor mus-
cle (biceps brachii (BIB)), one bi-articular extensor muscle (triceps longum (TLO)), one 
mono-articular shoulder flexor muscle (deltoideus anterior (DAN)) and one mono-articular 
shoulder extensor muscle (deltoideus posterior (DPO)). Since EMG signals of the BRA and 
the TLA could not be measured with surface electrodes without an acceptable amount 
of cross-talk, EMG signals from these muscles were obtained with intra-muscular wire-
electrodes. For details about the procedure used, see Van Bolhuis and Gielen (1997). 
The upper arm was horizontal along the line passing through the shoulders. The arm 
was hanging in a long sling, attached to the ceiling, such that the arm was always in a 
horizontal plane at shoulder height without any effort by the subject. Subjects had to 
exert an isometric force of 20 iVat the wrist in 16 equidistant directions in the horizontal 
plane. Isometric contractions were repeated twice for each direction. 
Since the ratio between elbow and shoulder torque for a specific force at the wrist varies 
as a function of elbow angle, a change in the torque contributions of the various muscles 
as a function of elbow angle is expected. Therefore, we measured the activation patterns 
as a function of force direction for three different arm positions at elbow angles of GO, 90 
and 120°. The position of the wrist is defined as the origin. The positive x-axis is defined 
along the forearm in the direction of the elbow. For details of the experimental set-up, 
see Methods section 4.3.3 (protocol III) and Fig. 5.3. 
In order to obtain an indication of the ratio between the forces of 20 N in the various 
directions and the forces which could maximally be produced in these directions by the 
subjects, subjects were instructed to produce a maximal force in four different directions: 
0, 90, 180 and 270°. Mean values for the maximal force were near 100 N (for 0 and 180°) 
and 200 N (for 90 and 270°). This means that the forces of 20 N, used in our experiment, 
were approximately 10 to 20 % of the maximal voluntary contractions. In this range of 
forces, a linear relationship between the amount of EMG activity and muscle force was 
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r 
Force 
transducer. 
Feedback of 
position of the wrist 
Figure 5.3 Drawing of a subject in the experimental set-up. 
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assumed. With this assumption, a comparison between the predicted muscle-force distri-
butions and the measured activation patterns as a function of force direction and elbow 
angle is valid (Van Bolhuis and Gielen, 1997) 
In addition to the anatomical parameters listed in Table 5 2, also the lengths oí the uppei 
arm and forearm (ftom the elbow to the bracelet at the wrist) were used in the simulations 
Mean values of 30 and 23 cm, respectively, were obtained by averaging over all subjects 
For each muscle, the muscle activation was normalized with respect to the maximal amount 
of EMG activity measured in all force directions and elbow angles The samo normaliza-
tion was applied to the results of the simulations. A quantitative measure foi the goodness 
of fit between data and simulations was obtained by calculating the normalized correla-
tion coefficient between the data and the simulations for each subject Averaging over all 
subjects resulted in a mean value for the normalized correlation coefficient 
5.5 Results 
We will first focus on the differences between the predictions of the various models Foi 
this we will focus on the predicted muscle-foice distributions for an arm postine with an 
elbow angle of 90° Subsequently, the differences in the piedictions as a function of aim 
posture will be discussed, and after that we will compare the measuied EMG data with 
the predicted muscle-force distributions for each arm posture Finally, we will discuss the 
effects of the uncertainties in the parameter values on the model predictions 
5.5.1 Differences between the models 
The dashed lines m Fig 5.4 are polar representations of the predicted muscle forces as 
a function of force diiection for the six muscle groups, calculated with model MP for 
an arm postuie at an elbow angle of 90° The muscle activation patterns are circular, 
indicating that muscle activation is proportional to the inner product between external 
force and a muscle-specific preferred direction (e g. Georgopoulos et al , 1986) Note, that 
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co-activation of antagonistic muscles is not predicted. 
The continuous lines in Fig. 5.4 give polar representations of the predicted muscle forces, as 
a function of force direction, as predicted by model P M P with r = 20. A comparison of the 
shape of the patterns as a function of the force direction to those shown by the thick lines 
in Fig. 5.2 shows that the predictions of model P M P are close to the muscle activations 
predicted by the second activation scenario described in Methods section 5.4.1, in which 
the joint torques are generated both by the bi-articular and mono-articular muscle groups. 
For model P M P different muscle-force distributions were obtained, depending on the value 
of с (i e. the ratio with which К increases as a function of φ). For small values of с (с < 20) 
the piedicted muscle forces, as a function of the force direction, were very capiicious with 
laige vacations in muscle foice for small changes in force direction. Foi с > 20 smooth 
patterns weie observed, which means that gradual changes in muscle force were found for 
small changes in the direction of force The different effect of small and large values of с 
on the muscle-force distributions is related to the stability of the system. We will discuss 
this issue in more detail in Discussion section 5.6.4. 
In order to illustrate the effect of the exponent ρ for the models F, S, A, and E, wc will first 
show the predictions for the minimization of total muscle force for two artificial muscle 
configurations. In the first toy model we consider a two-joint system with mono- and bi-
aiticulai muscles with the same moment aims and with the same maximal force for each 
muscle. The mechanical action of the muscles is chosen such that the orientations of the 
muscle vectois in the two dimensional work space are equidistantly distributed (see upper 
left inset in Fig. 5.5. For ρ = 1. minimization of total muscle force favors the muscle with 
the most favorable moment arm. For a force in direction 90° this is the muscle with the 
mechanical action in the direction of 90°. Therefore, only one muscle is activated when 
the torque coincides with the torque contribution of a muscle. When the desired torque 
is in the middle between the torque contributions of two muscles, both will be activated 
equally if the mechanical advantage is the same. This gives rise to the activation patterns 
shown in Fig. 5.5A. When the muscles have different pulling directions, as shown in the 
lower left inset in Fig. 5.5, the activations change accordingly, as illustrated in Fig. 5.5D. 
For ρ = 2 the activation patterns always have a circular shape (Figs. 5.5B, E), indicating 
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MEF 
180 
MEE 
180 
270 270 
Figure 5.4 Polar plots of the predicted distributions of muscle force as a function of force direction 
using model MP (thick dashed lines) and model PMP (thin continuous lines) . The elbow angle 
was 90°. The position of the wrist was assumed to be at the origin and the forearm was along the 
positive x-axis. The abbreviations indicate the б groups, as were defined in Methods section 5.4.1. 
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p=1 p = 2 p = 3 
90 90 90 
270 270 270 
90 90 90 
Figure 5.5 Predictions of muscle activation patterns for isometric force in various directions for 
a model based on minimization of muscle force {J2fm) w ' t n Ρ = 1 (left column), ρ = 2 (middle 
m 
column), and ρ = 3 (right column) for two muscle configurations (upper and lower row) for external 
force in various directions of workspace. The panels in the upper row present data for muscles 
with toique directions equidistantly distributed in the two-dimensional torque space (see inset). 
In both models all muscles have the same moment arms and the same maximal force f
max
-
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that the activation of a muscle is proportional to the inner product between the torque 
direction and the torque action of the muscle, qualitatively similarly to the coding of 
movement direction by motocortical cells (Georgopoulos et al., 1986). Changing the mus­
cle configuration has no effect on the circular shape of the muscle activation patterns but 
only affects their size. 
For ρ = 3 the muscle activation patterns become widely tuned favoring a synergy of mus­
cle activation, as was explained in Theory section 5.3.2. This shape is not effected by 
the muscle configuration. Changing the muscle configuration only affects the size of the 
muscle activation patterns, as it, did for ρ = 2. 
With this information, it will be easier to understand the predictions of muscle activation 
for the various models. 
The predicted activation patterns for the models F, S, A and E with ρ = 1 are shown in 
Fig. 5.6 by the continuous, dotted, dashed and dashed-dotted lines, respectively. Fig. 5.6 
shows that for models F and E for all force directions, and for model A only for forces in 
extension directions, patterns are observed similar to those of the second activation sce­
nario, as was explained in the Methods section 5.4.1. For model S, for all force directions, 
and for model A only for forces in flexion directions, muscle-force distributions can be 
observed, where the joint torques are produced by the mono-articular muscles and where 
the contribution of the bi-articular muscles is zero. This corresponds to the predictions by 
the first activation scenario, as described in Methods section 5.4.1. Apparently, for these 
models the set of anatomical parameter values led to the situation where the bi-articular 
group was not the "most effective" group for the task. 
For ρ = 2, all "optimization models" (F, S, A and E) lead to circular patterns as were 
observed for model MP. 
Figure 5.7 shows polar representations of the muscle-force distributions for the model 
which minimizes the sum of muscle activations (model A) with ρ = 3. The muscle activa­
tion patterns reveal a broader tuning than those shown in Fig. 5.4 for ρ = 1. As explained 
in section 5.3.2, it is more advantageous to activate more muscles by a small amount for 
ρ = 3, which leads to a broad tuning as a function of the force direction. For the other 
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MEF 
180 
BIF 
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MEE 
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ΒΙΕ 
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270 270 
Figure 5.6 Polar plots of the simulated activation patterns as a function of force direction using 
models F (continuous), S (dotted), A (dashed) and E (dashed-dotted) with ρ = 1, for an arm 
posture at an elbow angle of 90°. The predictions by models F and E overlap for MEF, MSF and 
MSE. For MSF also the predictions by models S and A overlap (the dashed-dotted circle). For 
models S and A the contributions of BIF and ΒΙΕ arc zero. The contribution of ΒΙΕ is also zero 
for model S. 
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MEF 
180 
BIF 270 
180 
MSF 270 
180 
270 
MEE 
180 
ΒΙΕ 
270 
180 
MSE 270 90 
180 
270 
Figure 5.7 Polar plots of the simulated activation patterns as a function of force direction using 
model A with ρ = 3. 
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270 270 270 
Figure 5.8 A Polar plots of the simulated muscle-force distributions as a function of force direction 
for model F with ρ = 1. The thick, dashed and thin lines correspond to elbow angles of GO, 90 and 
120°, respectively. В and С give similar representations as A foi ρ = 2 and ρ — 3, respectively. 
models (models F. S and E) the predicted activation patterns were similar to those shown 
in Fig. 5.7 for model A. 
Figures 5.8A, В and С give the predicted muscle-force distributions for the mono-articular 
elbow extensor group for the three different elbow angles for model E for ρ = 1, ρ = 2 
and ρ = 3, respectively. The thick continuous, dashed and thin continuous lines give polar 
representations of the predicted muscle forces as a function of force direction for an elbow 
angle of 60, 90 and 120°, respectively. For ρ = 1 (Fig. 5.8A) the difference between the 
three distributions is much larger than that for ρ = 2 (Fig. 5.8B) or ρ = 3 (Fig. 5.8C). 
Similar results were also obtained for the mono-articular elbow flexors and for model F 
and A (for forces in extension directions). 
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Figure 5.9 Polar 
plots of measured 
EMG activity as a 
function of force di­
rection for the BRA, 
BRD (MEF), TLA 
(MEE), BIB (BIF), 
TLO (ΒΙΕ), DAN 
(MSF) and DPO 
(MSE). 
А, В and С give 
the data recorded for 
an arm posture at 
an elbow angle of 
60, 90 and 120°, 
respectively. The 
thick lines indicate 
the mean EMG ac­
tivity (averaged over 
the 7 subjects) and 
the thin lines indi­
cate the standard de­
viation. 
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5.5.2 Comparison between simulations and measured E M G data 
Figuie 5.9 shows polar plots of the averaged EMG activity over all subjects as a function 
of the isometric force direction for various muscles. As indicated schematically in the up-
pei right corner, Figs. 5.9A, В and С present data measured for arm postures with elbow 
angles of 60, 90 and 120°, respectively. The thick lines represent the mean EMG activity 
and the thin lines indicate the mean activity plus or minus the standard deviation. Each 
muscle reveals a preferred force direction for which it shows maximal activation. The 
EMG activity patterns of the mono-articular elbow flexors BRA and BRD are shown in 
the upper left corners of Figs. 5.9A, В and C. The shape and size of the mean EMG 
activity and the thin lines indicate the mean activity plus or minus the standard devia­
tion. Each muscle reveals a clear preferred direction for which the activation is maximal. 
The EMG activity patterns of the mono-articular elbow flexors BRA and BRD are shown 
in the upper left corners of Figs. 5.9A, В and C. The shape and size of the activation as 
a function of force direction is very similar for these two muscles for each elbow joint angle. 
A comparison of Figs. 5.9A, В and С shows that the activation patterns of the mono­
articular elbow muscles (BRA, BRD and TLA) reveal only minor changes as a function 
of arm posture, whereas the activation of the muscles spanning the shoulder joint (BIB, 
TLO. DAN and DPO) change quite significantly. A shift of the preferred direction can 
be seen for DAN and DPO, and an increase in the overall size of the patterns for arm 
postines with increasing elbow angle can be seen for BIB, TLO, DAN and DPO. 
A qualitative comparison of the measured data with the model predictions can be per­
formed by focusing on two items. First, comparing the shapes of the distributions as a 
function of the direction of the externally produced force. And second, comparing the 
changes in the distributions as a function of the elbow angle. 
Comparing the shapes of the mean EMG activity as a function of the force direction 
(Figs. 5.9A, В and C) with the patterns presented in Figs. 5.4 and 5.7 shows that the 
largest differences between the predicted and measured data is found for ρ = 3 (Fig. 5.7). 
The measured data do not show the broadly tuned patterns as are predicted by models 
with ρ = 3, but reveal more sharply tuned distributions as a function of force direction. 
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As was shown in the last paragraph of section 5.5.1 (Fig. 5.8), models with ρ = 1 predict 
the largest changes in the contributions of the mono-articular elbow muscles as a function 
of the elbow angle. Figs. 5.9Λ, В and С show, however, that almost no change occurs in 
the contributions of the mono-articular elbow muscles as a function of the elbow angle, 
contrary to the contributions of the muscles spanning the shoulder joint. 
The data presented above was also quantitatively compared to the predictions of the var­
ious models. For each model the mean normalized correlation coefficient was calculated 
between the simulated muscle-force distributions and the measured activation patterns. 
Table 5.3 lists all correlation coefficients. As can be seen in Table 5.3, model S with ρ = 2 
resulted in the best fit, although models S3, A2, A3 and MP also resulted in good fits. The 
fact that models with ρ = 1 give bad fits, whereas models S3 and A3 give reasonably good 
fits to the measured data, indicate that apparently the changes in the contributions of 
the mono-articular elbow muscles as a function of the elbow angle play a more important 
role on the fits than the shapes of the distributions as a function of the direction of the 
externally produced force. 
Summarizing we found that models with ρ = 3 led to a poorer fit, than models with 
ρ = 2, due to the abovementioned problem concerning the shapes of the broad versus nar­
row tuning of the muscle activations as a function of force direction. Models with ρ = 1 
led to poorer fits, compared to models with ρ = 2, due to the fact that models with ρ — 1 
predicted muscle-force distributions where the contributions of the mono-articular elbow 
muscles reveal relatively large changes for the different arm postures, which is not seen in 
the experimental data. 
5.5.3 The effects of the uncertainties in the parameter values 
By varying the parameter values for A, PCS A, FL and θμ
τη>ι/θς] one by one by 25 % 
and than re-calculating the simulated muscle-force distributions and the correlation coef­
ficients, an indication was obtained about the relevance of the accuracy of the parameter 
values. In Table 5.3 the values between brackets indicate the maximal change of the 
correlation coefficient, which was obtained by varying the parameter values. The largest 
changes in the correlation coefficients were observed for ρ = 1 (Fl, SI and Al). This was 
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Table 5.3 The normalized correlation coefficients of the simulated and the measured 
activation patterns for each model. 
Model 
TD 
MP PMP 
0.74 0.64 
(0.01) (0.03) 
Ρ 
1 
2 
3 
F S A E 
0.57 (0.11) 0.51 (0.06) 0.58 (0.07) 0.59 (0.03) 
0.71 (0.02) 0.75 (0.01) 0.74 (0.01) 0.69 (0.03) 
0.70 (0.03) 0.74 (0.01) 0.74 (0.01) 0.69 (0.03) 
Values between brackets indicate the maximal changes of the correlation coefficients obtained by 
varying the parameter values one by one by a factor of 25 %. 
mainly caused by the fact that by varying the set of parameters the predictions some­
times corresponded to the first scenario and at other times corresponded to the second 
scenario (see Methods section 5.4.1). The values between brackets for the other models are 
relatively small, indicating that uncertainties in the parameter values have only a minor 
effect on the outcome of these simulations. This suggests that it is not necessary to have 
precise values for the anatomical parameters and that using reasonable estimates for the 
parameter values was sufficient for these models. 
5.6 Discussion 
5.6.1 Conclusions 
Based on the results presented in Table 5.3 it is not possible to identify one single model 
which fits significantly better than all other models. It is, however, clear that the predic­
tions of models with ρ = 1, as well as of models PMP, F and E give fits to the measured 
data which are inferior to fits by the other models. Therefore, the current data rejects 
models PMP, F and E, as well as models with ρ = 1 as minimization principles solving 
Discussion 135 
the load sharing problem for isometric force tasks. In general, models with ρ = 2 resulted 
overall in the best fits. 
5.6.2 Task dependency 
Several studies (e.g. Van Bolhuis et al., 1998; Tax et al., 1990b; Theeuwen et al., 1994b) 
have reported that muscle activation patterns are different in isometric contractions and 
in movement tasks. These observations in the literature suggest a different minimization 
principle describing the motor-control system for isometric force tasks and for force tasks 
during slow movements. These results and the results of this study led us to suggest the 
possibility that when force tasks are performed during slow movements, other constraints 
might replace or might be added to the constraints which determine the activation strat­
egy during isometric force tasks. 
5.6.3 Assumptions 
The simulations were performed using only six groups of muscles. This means that the 
torque distributions as a function of the direction of the external force were calculated 
for these six groups. In order to compare these distributions to the measured activation 
patterns of the muscles of these groups, the assumption was made that all muscles within 
one group are activated proportionally with a constant ratio. This means that the shape, 
as a function of the force direction, of the activation patterns of all muscles of the same 
group is identical. Therefore also the shape, as a function of the force direction, of the 
total contribution of the group is identical to that of each of the individual muscles. The 
measured activation patterns of the two mono-articular elbow flexor muscles BRA and 
BRD (Fig. 5.9) are very similar. This result supports the validity of the abovementioned 
assumption. 
Since averaged values for the anatomical parameters were used, uncertainties occurred in 
the parameter values. The fact that effective values of the parameter values were calcu­
lated for each muscle group resulted in relatively large uncertainties in these parameter 
values. Varying the parameter values, however, revealed relatively small changes in the 
correlation coefficients of the simulated with the measured activation patterns for models 
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MP and PMP and for models with ρ = 2 or 3. The changes in the correlation coefficients 
obtained by varying the parameter values were overall smaller than the differences between 
the correlation coefficients corresponding to the various models. This indicates that small 
variations in the parameter values do not give rise to different activation patterns. This 
result may explain the findings of a more or less constant activation strategy for different 
subjects, although subjects do vary in muscle-skeletal parameters such as for example the 
physiological cross sectional area of muscle. 
For models with ρ = 1 relatively large changes in correlation coefficient were observed for 
different parameter values. This was due to the fact that for these models the distribution 
of muscle forces could occur according to the first or the second scenario (scenario's as 
described in the Methods section 5.4.1). Varying the parameter values could in some cases 
lead to distributions corresponding to the first scenario and in the other cases to distribu­
tions corresponding' to the second scenario. The fact that distributions corresponding to 
the first scenario lead to small correlation coefficients with the measured data caused the 
relatively large changes in the correlation coefficients for models with ρ = 1. 
5.6.4 Stabi l i ty 
In Results section 5.5.1 it was shown that the value of the ratio between muscle stiffness 
and muscle force (parameter c) has a large effect on the predictions of model PMP. As 
shown in the Theory section 5.3.1, equation 5.13 should be satisfied in order to guarantee 
stability of the system. For this, an increase of a positive value of Г^, due to an increase 
of muscle force, should always be smaller than the corresponding increase of the absolute 
value of the negative second term in equation 5.13 due to an increase in muscle stiffness. 
Dornay et al. (1993) showed that connective tissue (e.g. skin) causes the derivative of 
muscle moment arm with respect to joint angle to stay relatively small. Since this leads 
to smaller values of Γ^·, this has a favorable effect on the stability. Besides the fact that a 
decrease of dßm^/uqj has a favorable effect on the stability, also an increase of the ratio 
between muscle stiffness and muscle force (c) has a favorable effect on the stability, due 
to a larger increase of the second term of equation 5.13 (see also Shadmehr and Arbib, 
1992). From this it can be understood that for high values of с the system becomes stable, 
whereas for low values of с the system may be unstable. 
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5.6.5 Alternative models 
The results of this study do not reveal a single model which gives significantly better pre-
dictions than any other model. In summary, the best fit was obtained using the Moore-
Pcnrose inverse and the models minimizing the sum of squares of muscle stress and muscle 
activation. One might wonder whether other models might give better fits. 
Recently, Harris and Wolpert (1998) proposed that minimization of variance of final posi-
tion might give optimal predictions for movement trajectories. It is interesting to speculate 
whether the same principle might also explain the muscle activation patterns for isometric 
contractions. Since empirical observations have shown that the standard deviation of ino-
toneuronal firing increases with the mean firing level (Clamami 1969; Matthews 199G), 
the variance of muscle force is assumed to increase with mean muscle force. Minimization 
of variance in force would then predict that it is more advantageous to have many muscle 
fibers active at a small firing rate, than less muscle fibers active at a high firing rate. 
This favors the activation of synergistic muscles (arguing against the case p=l) . It also 
favors the activation of muscles with a large physiological cross sectional area and since 
variance is the square of standard deviation, it suggests p=2. Since this corresponds to 
the minimization of muscle stress with p=2, the model based on minimization of force 
variance is equivalent to the model based on minimization of the sum of squares of muscle 
stress, which was shown to be one of the models which gave the best predictions. 

6 

Inleiding en samenvatting 
Onderzoek naar het neuromusculaire systeem vergt een multidisciplinaire aanpak. Zo zal 
onder andere kennis van anatomie, (neuro-) fysiologie en natuurkunde nodig zijn. Ken-
nis van anatomie is noodzakelijk omdat de anatomie van het neuromusculaire systeem 
beperkingen oplegt aan de bewegingsvrijheid. Net zoals de motoren in een robotarm de 
bovengrenzen van de versnellingen bepalen en het aantal draaipunten het aantal vrijheids-
graden van de robotarm bepaald, zo worden de bovengrenzen van de versnellingen en de 
complexiteit van de bewegingen van de ledematen bepaald door de inwendige structuur 
van de spieren en het aantal gewrichten. Voor het centraal zenuwstelsel, die de neurale 
controle van de bewegingen uitvoert, zal kennis omtrent de neuromusculaire eigenschap-
pen noodzakelijk zijn om gericht de bewegingen te kunnen coördineren. Derhalve zal ook 
een onderzoeker anatomische kennis van het neuromusculaire systeem nodig hebben om 
de neurale controle van bewegingen te kunnen begrijpen. 
Een vergelijk van het neuromusculaire systeem met een robot maakt ook de noodzaak 
van kennis van de neurofysiologie van het motorische systeem bij het neuromusculaire 
onderzoek aannemelijk. Zo kan men de eigenschappen van de verschillende neurale ver-
bindingen van het centrale zenuwstelsel naar het ruggemerg en van de reflex zenuwen 
van het perifere effector systeem naar het ruggemerg vergelijken met de centrale proces-
sor en de terugkoppellussen van een robot. Het programmeren van een robot voor het 
uitvoeren van complexe taken kan alleen goed gebeuren als dit bedradingssysteem en de 
interne hardware bekend zijn. Als deel van de neurofysiologie zal een onderzoeker van het 
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neuioinubculaiie systeem bekend moeten zijn met de experimentele technieken om elek-
tiomyogi afische activiteit te meten Tot blot zal kennis omtrent de lineane en niet-lmcaue 
systeemtheoiie, informatietheorie en andere wiskundige technieken om optimale controle 
stiategieen te vmden, nodig zijn in het neuiomustulaire onderzoek 
In de/e inleiding zal eerst een kort overzicht gegeven woiden van anatomische en fysiolo-
gische kennis van het ncuromusculaire systeem, welke ielevant, is vooi het onderzoek gepie-
senteerd in dit proefschrift Daarna zal een fysische beschnjving van biologische controle 
systemen worden gegeven Hieruit /uilen verschillende vragen naai boven komen, welke 
huidige pioblecmstellingen in het onderzoek naar neuromusculaire controle reflecteren Na 
deze ondeizoeksvragen te hebben bediscussieerd zullen de ielevante experimentele metho-
den woiden uitgelegd Tot slot zal een koite samenvatting woiden gegeven van de hoofd-
stukken 2, 3, 4 en 5, die viei ondeizoeksaitikelen presenteren, die zijn gepubliceerd binnen 
het kadci van mijn promotieproject 
6.1 Het neuromusculaire systeem 
Het neuiomusculaire systeem kan woiden gedefinieerd als de combinatie van alle spieren 
van een IK haam samen met dat gedeelte van het zenuwstelsel dat verantwoordelijk is voor 
de motorische controle Het neurale gedeelte omvat naast het iuggemeig ook veel cen-
trale hersenstiucturen, ook wel supra-spinale contiole centra genoemd Spieren worden 
geactiveeid door zenuwvezels vanuit het luggemerg De cel in het ruggemerg waar de 
zenuwvezel, of axon, ontspringt woidt een motoneuion genoemd Signalen van de mo-
toneuronen zijn lokale veranderingen van de membraanpotentiaal van -100 7nKnaar +100 
mV (ook wel actiepotentialen of AP's genoemd) Deze AP's verplaatsen zich met een 
snelheid van enea 50 m/s langs het axon van het ruggemerg naai de spier om de spier te 
activeren, wat lesulteeit in het samentrekken van de spiei 
Volgens het algemeen geaccepteerde idee over spieractivatie hangt de leciutermg van een 
motoneuron af van ineeidere factoren Zo zal het afhangen van de hoeveelheid input het 
ontvangt van spierreceptoren en van andere cellen in het ruggemerg en het centraal zenuw-
stelsel Als de totale input een bepaalde drempel overschrijdt is het motoneuron gerecru-
teerd en zal het beginnen met het genei eren van actiepotentialen Deze recruterings-
drempel wordt bepaald door de grootte van het motoneuron-soma Als alle motoneuronen 
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een gelijke hoeveelheid neurale input zouden ontvangen, zou het motoneuron met de klein-
ste soma afmetingen het eerst gerecruteerd woiden Dit betekent dat als alle motoneuro-
nen homogeen geactiveeid zouden worden er een vaste recrutenngs-volgorde zou bestaan, 
beginnend bij de kleinste motoneuronen en oplopend met cel-grootte Een dergelijke con-
stante recrutenngs-volgorde is aangetoond voor verschillende isometrische kracht taken 
Dit suggereert een homogene activatie van de motoneuronen voor deze taken De term 
isometrisch wordt gebruikt voor (kracht-) taken zonder beweging, ofwel spieiactivatie bij 
constante spierlengte Dus bij langzaam toenemende isometrische kiacht zullen de klein-
ste inotoneuionen eerst woiden gerecruteerd, gevolgd door de motoneuronen met gtotere 
soma 
Spieren zijn opgebouwd uit veel verschillende spiei vezels Als een AP de spiervezels van 
een spier beieikt zullen deze samentrekken en een kracht produceren Een AP van een 
axon activeert niet alle spiervezels van de spier, maai slechts een bepaalde gioep Deze 
groep spiervezels samen met het desbetreffende motoneuron wordt één motorische eenheid, 
ofwel motor unit (MU) genoemd MU's zijn de kleinste samentrekkende eenheden van het 
neuromusculaire systeem Als de MU is geiecruteerd /uilen alle bijbehorende spiervezels 
gelijktijdig samentrekken vooi ongeveer één tiende van een seconde Een dergelijke contrac-
tie wordt een krachtpuls genoemd Experimenten hebben aangetoond dat er verschillende 
types MU's bestaan, met elk verschillende eigenschappen van de krachtpulsen Sommige 
MU's hebben relatief langdurige pulsen met een lage kracht-output, terwijl andere juist 
korte pulsen met een hoge kracht-output laten zien Een correlatie tussen de verschil-
lende eigenschappen van de MU's lijkt te bestaan De zogenaamde langzaam pulserende 
MU's zijn over het algemeen minder vermoeibaar dan de snel pulserende MU's, die over 
het algemeen corresponderen met de grotere motoneuronen gerecruteerd bij relatiel hoge 
kracht-niveaus De totale hoeveelheid spierkracht /al uiteindelijk worden bepaald dooi de 
vuurfrequentie (het aantal AP's per seconde) van elke MU en het aantal gerccruteerde 
MU's Dit wordt de motorische output genoemd 
De amplitude van een krachtpuls, geproduceerd door een MU, is afhankelijk van het feit 
of de spier verkort, verlengt of dat de spier bij een constante lengte blijft tijdens de pro-
ductie van de kracht Dit houdt in dat de totale hoeveelheid spierkracht, corresponderend 
met een bepaalde hoeveelheid motorische output die de spier ontvangt, zal verschillen vooi 
isometrische situaties en bewegingen Dit verschijnsel wordt de kracht-snelheidsrelatie van 
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Figuur 6.1 Schematische weergave van het neuromusculaire systeem. 
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spieren genoemd. Tijdens verlenging kan een spier veel grotere krachten produceren dan 
tijdens verkorting bij een constante activatie van de spier. 
Naast een afhankelijkheid van de snelheid van de verandering van spierlengte, is de hoe-
veelheid spierkracht ook afhankelijk van de spierlengte zelf. Een spier zal, bij een gegeven 
niveau van activatie, een maximale kracht-output leveren in zijn optimale lengte. Dit is 
als de overlap van de actine en myosine filamenten optimaal is. Spierkrachten zijn lager 
voor posities waaarbij de spier langer of korter is. Voor de meeste spieren is deze opti-
male lengte nabij het midden van het fysiologische bereik van de spier, welke nagenoeg 
gelijk is aan het verschil in spierlengte tussen maximale flexie en maximale extensie van 
de gewrichten waar over de spier werkt. Samenvattend; de hoeveelheid spierkracht wordt 
bepaald door de hoeveelheid motorische output en bovendien door de spierlengte en de 
mate van verandering van spierlengte. 
Naast activatie van de spieren door signalen vanuit het ruggeuierg of vanuit liet centraal 
zenuwstelsel bestaan er ook feedback-signalen van de spieren naar het ruggemerg. Het 
bestaan van twee types sensoren die informate over spier eigenschappen aan het ruggemerg 
geven is bekend. Ten eerste, de zogenaamde Golgi-peesorganen geven signalen af aan het 
ruggemerg proportioneel met de hoeveelheid spierkracht. Zoals uit de naam blijkt, liggen 
deze orgaantjes in de pezen van de desbetreffende spier. Een tweede type sensoren, spier-
spoelen genaamd, liggen in de spierbuiken en geven signalen af aan het ruggemerg welke 
gerelateerd zijn aan de lengte van de spier en de mate van verandering van spierlengte. De 
sensoren projecteren hun signalen zowel direct op de motoneuronen als ook indirect via een 
netwerk van onderling verbonden neuronen in het ruggemerg, de zogenaamde interneuro-
nen. Van de kracht-feedback van de peesorganen wordt over het algemeen gedacht dat deze 
alleen inhibitoir is en derhalve een afname van de motorische output teweegbrengt. De 
positie- en snelheidsterugkoppeling door middel van de spierspoelen is over het algemeen 
excitatoir en zal daardoor over het algemeen een toename van de motorische output aan 
de desbetreffende spier veroorzaken. Het bereik en de gevoeligheid van de spierspoelen 
wordt ingesteld door de zogenaamde fusi-motoneuronen, ofwel 7-motoneuronen. Deze 7-
motoneuronen dragen niet bij aan de spierkracht, in tegenstelling tot de a-motoneuronen 
die de zogenaamde extra-fusale spiervezels activeren. Samentrekking van de intra-fusale 
spiervezels kan leiden tot het versturen van een signaal van de spierspoel naar het rugge-
merg zonder dat er een werkelijke verandering in spierlengte plaatsvindt. Op deze manier 
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kan er een verandering in de motorische output worden veroorzaakt, net zoals dat door 
middel van directe activatie van α-motoneuronen mogelijk is. Het bovenstaande beschrijft 
de basiselementen van het reflex-systeem, gebruikmakend van proprioceptieve feedback. 
Bewuste invloeden kunnen op dit systeem worden uitgeoefend door middel van de supra­
spinale neurale gebieden en de interneuroneri en motoneuronen. Het is algemeen geac­
cepteerd dat het schema van Fig. 6.2 de essentie weergeeft van het neuromusculaire sys­
teem in contact met een externe belasting. 
6.2 Biomechanica 
Als we de fysische eigenschappen van biologische systemen, zoals de menselijke arm, willen 
beschrijven zullen we ons voornamelijk moeten richten op de mechanica. Mechanica is het 
gebied van de natuurkunde waarin alledaagse processen worden beschreven in termen als 
energie (-uitwisseling) en krachten. Het toepassen van de mechanica op biologische syste­
men wordt biomechanica genoemd. De tak van de mechanica die zich bezighoudt met het 
onderlinge verband tussen krachten en bewegingen wordt de dynamica genoemd. Termen 
als massa (M), viscositeit (B) en stijfheid (K) spelen in de dynamica een belangrijke rol. 
Naast de dynamica kan ook de kinematica als tak van de mechanica worden onderschei­
den. Onderzoeken in de kinematica richten zich voornamelijk op lichaamshouding. Als 
we biologische systemen beschouwen vanuit een kinematisch oogpunt valt direct op dat 
gewrichten roteren, terwijl spieren verlengen of verkorten op een "translationele" manier. 
Het bewegen van ledematen in cartesiaanse ruimte (meestal drie dimensionaal) correspon­
deert derhalve zowel met veranderingen in de gewrichtshoek, hoeksnelheid en versnelling 
in de gewrichtsruimte als ook met de bijbehorende veranderingen in spierlengte. 
Het moment ten opzichte van een gewricht wordt gegeven door het product van de 
spierkracht en de momentarm van de spier ten opzichte van het gewricht. Vergelijkbaar 
kan de verandering in spierlengte worden geschreven als het product van de verandering 
in gewrichtshoek en de desbetreffende momentarm. Uit het bovenstaande kunnen we con­
cluderen dat in de kinematica de anatomische kennis betreffende de momentarmen van de 
spieren ten opzichte van de gewrichten een belangrijke rol speelt. De twee bovengenoemde 
relaties staan respectievelijk weergegeven in de vergelijkingen 6.1 en 6.2. Τ staat hier voor 
het moment ten opzichte van het gewricht, A voor de momentarm van de spier ten opzichte 
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Figuur 6.2 Schematische representatie van het controle systeem (Uit Houk and Rymer (1981)). 
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van liet gewricht en φ voor de spierkracht. d\ staat voor een infinitesimale verandering 
van spierlengte en άθ voor een infinitesimale verandering van gewrichtshoek. 
Т = А-ф (6.1) 
d\ = A • άθ (6.2) 
We richten ons nu op biomechanische systemen vanuit een dynamisch standpunt. Hier­
voor nemen we aan dat spieren zich gedragen als veren. Dit betekent dat als de spier 
wordt gerekt er een tegenwerkende kracht in de spier wordt geïnduceerd. De hoeveelheid 
kracht wordt bepaald door de mate van verlenging en de spierstijfheid. Een vergelijkbare 
relatie kan worden gelegd in de gewrichtsruimte tussen het moment en de gewrichtshoek. 
Een hoekverplaatsing in een gewricht veroorzaakt een verandering in het moment in het 
gewricht gegeven door het product van de gewrichtsstijfheid en de grootte van de hoekver-
plaatsing. Beide relaties staan respectievelijk weergegeven in de vergelijkingen 6.3 en 6.4. 
К staat hier voor de spierstijfheid en R voor de gewrichtsstijfheid. 
άφ = Κ-ά\ (6.3) 
dT = R • άθ (6.4) 
Samenvattend; het moment ten opzichte van een gewricht kan worden gerelateerd aan de 
gewrichtshoek θ en zijn tijdsafgeleiden θ en Θ, volgens 
Τ = ΙΘ + β-Θ + R-Θ, (6.5) 
waar Ι, β en R de massa-traagheid, viscositeit en gewrichtsstijfheid representeren. Het is 
nu mogelijk oin de resultaten van de dynamische en kinematische aanpak samen te voe­
gen. Vergelijking 6.1 geeft het moment ten opzichte van een gewricht corresponderend 
met een specifieke spier. Sommatie over alle betrokken spieren (m = 1,2,3,- • -M) van 
deze moment-bijdragen resulteert in het totale moment ten opzichte van het gewricht en 
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behoort gelijk te zijn aan het moment gegeven in vergelijking 6.5. 
M 
Ζ-, Ajm ' ψτη = J-j 
m = 1
 (6.6) 
f = Ι-Θ + β-θ + R-θ 
6.3 Huidige vragen in het onderzoek naar neuromusculaire 
controle 
Vergelijking 6.6 geeft een fysische beschrijving van biologische systemen in contact met de 
omgeving. Dit betekent dat om een beschrijving van neuromusculaire controle op spier­
niveau te kunnen geven, het nodig is om de waarden van de momentarmen van de spieren 
ten opzichte van de gewrichten en de waarden van de dynamische parameters Ι,β en R 
te kennen. Experimenten hebben uitgewezen dat de waarden voor Ι,β en R niet constant 
zijn, maar afhankelijk zijn van de positie van de ledematen en van de krachten gepro­
duceerd door de desbetreffende spieren. 
Vergelijking 6.6 geeft een beschrijving voor de neuromusculaire controle op spierniveau. 
De spierkrachten corresponderend met een beweging of krachttaak zijn gerelateerd aan de 
momenten in de gewrichten. Dit houdt in dat, de vraag hoe elke afzonderlijke spierkracht 
is opgebouwd uit de bijdragen van de motorische eenheden, elk met haar eigen ν uurfre­
quentie, nog steeds onbeantwoord is. Ook dit reflecteert één van de huidige vragen in het 
neuromusculaire onderzoek; de verhouding tussen de bijdragen aan de motorische output 
door middel van de vuurfrequentie en door middel van recrutering van MU's. 
Als we de bijdragen van de verschillende spieren aan het totale moment willen bereke-
nen, blijkt dat er over het algemeen niet één unieke oplossing bestaat voor elke set van 
momenten. Dit wordt veroorzaakt door het feit dat voor biologische systemen het aan-
tal spieren dat over een bepaald gewricht loopt meestal het aantal vrijheidsgraden van 
dat gewricht overschrijdt. Bijvoorbeeld; het ellebooggewricht heeft vier vrijheidsgraden 
(flexie/extensie en supinatie/pronatie) en meer dan 7 spieren die over dit gewricht ge-
spannen zijn. Dit betekent dat veel verschillende sets spierkrachten vergelijking 6.6 zullen 
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oplossen, ofwel, er bestaan veel verschillende mogelijkheden om de set betiokken spieren 
te activeren om het gewilde moment m het gewricht te verkrijgen Echtei, meerdere ex-
perimenten hebben voor vele proefpersonen en taken aangetoond dat een nagenoeg vaste 
activatic-strategie wordt gebruikt voor elke afzonderlijke taak Deze bevindingen sugge-
reren het bestaan van een onderliggend principe, welke het aantal mogelijke oplossingen 
reduceert tot eén uniek activatie patroon De vraag welk onderliggend principe en hoe 
dit pnncipe tot éen unieke oplossing leidt wordt het "load-shanng" probleem genoemd 
Het ' load-shanng" probleem is een gevolg van de overvloedige of redundante aard van 
het menselijk lichaam De/e redundante aard treedt ook op andeie vlakken op Zo zagen 
we leeds de ïedundantie op het MU-mveau, waar een specifieke spieikracht kon woiden 
gepioduceeid dooi middel van veel verschillende combinaties van gerocruteerde MU's en 
vuuihequentie Ook op het kinematische niveau kan de redundante aard van het menselijk 
lichaam worden geobserveeid Beschouw bijvoorbeeld het plaatsen van een vingei topje op 
een deuibel, hetgeen door middel van vele velschillende armconfiguraties kan gebeuren 
Het ondeizoek gepresenteerd in dit proefschrift richtte zich voornamelijk op het probleem 
van ïedundantie op het spiei niveau en het niveau van de MU's 
De ledundante aaid van het menselijk lichaam wordt soms beschouwd als een ogenschijn-
lijke ïedundantie De reden hiervoor is dat het disfunctioneren van een gedeelte van het 
ïieuromusculanc systeem altijd zichtbaai is in de motorische piestaties, meestal m com-
plexe bewegingstaken 
6.4 Experimentele methoden in neuromusculair onderzoek 
In deze paragiaaf zullen de elektromyografische (EMG) meetmethoden woiden besproken, 
welke zijn gebruikt m de studies gepiesenteerd in dit proefschrift Bij EMG metingen wor-
den de elektrische potentialen gerelateerd aan spieractiviteit gemeten Twee verschillende 
methoden om EMG te meten kunnen worden onderscheiden Ten eerste, MU activatie 
kan worden getraceerd door de AP's van de individuele MU's te meten En ten tweede, 
een gemiddeld signaal van vele AP's afkomstig van vele verschillende MU's kan worden 
gemeten Dit signaal kan worden gerelateerd aan de totale hoeveelheid motorische output 
van een spier 
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Door zeer dunne (25 μνη) geïsoleerde draden met behulp van een holle injectienaald in een 
spier te prikken kunnen individuele actiepotentialen worden gemeten. De dunne draadelek-
trodes zijn alleen geleidend verbonden met het inwendige van de spier aan het eind van 
de draad, waar het is afgeknipt. Dit houdt in dat alleen potentialen van een zeer klein 
meetgebied, gecentreerd rondom het eind van de draad, zal worden gemeten. Bipolaire 
opnamen werden gemaakt. Dit betekent dat de elektrische potentiaal van één draad werd 
gemeten ten opzichte van dat van een tweede draad. Dit houdt in dat het meetgebied ge-
centreerd was rondom de eindpunten van beide draden. Op deze manier was het mogelijk 
om AP's te meten van spiervezels die dicht in de buurt lagen van de twee eindpunten van 
de draden. Door de verschillende afstanden van de MU's ten opzichte van het meetgebied 
waren de AP's van verschillende MU's verschillend van vorm. Hierdoor was het mogelijk 
om onderscheid te maken tussen de AP's van verschillende MU's. Meestal konden er op 
deze manier AP's van 2 of 3 verschillende MU's worden gemeten. 
Naast het gebruik van deze intra-musculaire elektrodes kunnen EMG metingen ook worden 
uitgevoerd met behulp van oppervlakte elektrodes. Deze, veel grotere elektrodes worden 
op de huid boven een spier geplaatst. Dit EMG signaal is een gewogen gemiddelde van 
de bijdragen van vele MU's uit een relatief groot meetgebied, en correspondeert derhalve 
met een groot gedeelte van de motorische output. Experimenten hebben aangetoond dat 
voor krachten tot ongeveer 30 % van de maximale spierkracht een nagenoeg proportionele 
maat voor spierkracht kan worden verkregen door het oppervlakte EMG signaal gelijk te 
richten en te middelen. Dit maakt dat het oppervlakte EMG een gemakelijke methode is 
om een maat voor individuele spierkrachten te verkrijgen. Echter, gezien de grootte van 
het meetgebied bestaat er een kans op het meten van EMG signalen van meer dan één spier 
met één set elektrodes. Dit verschijnsel wordt overspraak genoemd. Een tweede probleem 
van deze methode is dat slechts EMG signalen kunnen worden gemeten van oppervlakkig 
gelegen spieren. Niettemin blijkt het oppervlakte EMG een veel gebruikte methode in het 
neuromusculaire onderzoek. 
Een tweede methode om intra-musculaire elektrodes te gebruiken is door de isolatie aan 
het eind van de draden over een afstand van ongeveer 1 mm te verwijderen. Op deze 
manier kan lokaal een gemiddeld signaal van vele verschillende AP's worden gemeten. Het 
voordeel van deze methode ten opzichte van het oppervlakte EMG is dat het meetgebied 
veel kleiner is dan bij oppervlakte EMG, hetgeen betekent dat het risico om overspraak 
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te meten veel kleinci is Bovendien kan met deze methode ook EMG signalen worden 
gemeten van mindei oppeivlakkig gelegen spieren 
6.5 Samenvatting 
In deze paragraaf worden korte samenvattingen gegeven van de hoofdstukken 2, 3, 4 en 
5, die viei ondcizoeksartrkelen presenteren, die zijn gepubliceerd binnen het kadei van 
mijn promotieproject Irr hoofdstuk 2 wordt een methode gepresenteerd om schattingen 
Ie verkrijgen van de relatieve bijdragen van individuele spieren aan een moment rn een 
gewrrcht gebruikmakend van EMG rnetrngen Hoofdstuk 3 presenteert de resultaten van 
een studio naar het activatiepatroon van MU's tijdens bewegingen en isometrische kracht-
taken In hoofdstuk 4 wordt onderzoek besproken naar de rol van mono- en br-artrculaire 
armspieien als functie van de taak Ten slotte wordt m hoofdstuk 5 een overzrcht gegeven 
van mogelijke modellen die activatie stiategien beschryven 
6.5.1 Hoofdstuk 2 
Een oppervlakte EMG signaal is met alleen afhankelijk van de mate van elektrische ac-
tiviteit van een spier, maar wordt ook bepaald door factoren als de posrtie van de sprer 
binnen de arm, eventuele vetlagen en de geleiding van de hurd Daarom rs het nret mo-
gelijk om een absolute waarde voor de hoeveelheid spierkracht te verkrijgen met behulp 
van opper vlakte EMG Dit betekent dat slechts de relatreve veranderingen van de hoe-
veelheid EMG actrviteit, gemeten met éen set elektrodes en dus afkomstig van één spier, 
mogen worderr vergeleken Dit houdt in dat het dus met mogelijk is om met behulp varr 
oppervlakte EMG de relatreve bijdragen van individuele spieren aan een moment m een 
gewricht te bepalen 
Uit anatomiche studies is bekend dat de vijf spieren dre in hoofdstuk 2 in beschouwing 
zijn genomen gezamenlijk verreweg het merendeel van het elleboog flexiemoment leveren 
De aanname dat deze spieren samen het totale elleboog flexiemomcnt produceren houdt 
in dat de som van de brjdragen aan het elleboogmoment van deze spieren gelrjk moet 
zijn aan het totale elleboogmoment Dit betekent dat voor elleboog fiexremomenten de 
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sommatie in het eerste gedeelte van vergelijking 6.6 over M = 5 spieren loopt. Zoals 
reeds eerder is besproken leveren EMG metingen proportionele maten voor de hoeveelheid 
spierkracht, zoals weergegeven is in vergelijking 6.7. De factor EFR, die de hoeveelheid 
spierkracht relateert aan de hoeveelheid EMG activiteit is in principe onbekend, maar mag 
wel constant worden verondersteld over het gehele experiment voor elke set elektrodes, zo 
lang de spierkracht lager is dan circa 30 % van de maximale kracht. Combinatie van de 
vergelijkingen 6.6 en 6.7 leidt tot vergelijking 6.8, die het totale elleboogmoment relateert 
aan de individuele spierkrachten. 
EMG = EFR χ φ (6.7) 
5 f EMC\ 
Telleboog = Σ A
m
 X i^-^p^J (6-8) 
Gebruikmakend van waarden uit de literatuur voor A
m
, de momentarm van spier τη ten 
opzichte van het ellebooggewricht, kunnen schattingen worden verkregen voor EFR
m
 door 
gelijktijdig de EMG activiteit van de vijf elleboog flexorspieren (EMG\, • • • EMG$) 
en het totale uitgeoefende elleboogmoment {Т
е
ц
е
ь
оод
) te meten, voor ten minste vijf ver­
schillende krachttaken. Zo lang het aantal vergelijkingen gelijk of groter is dan het aantal 
onbekende parameters (EFR
m
) kunnen schattingen worden verkregen voor de relatieve 
bijdragen aan het totale elleboogmoment van de vijf spieren. 
Echter, de hierboven beschreven methode kan soms leiden tot foute resultaten. Bijvoor­
beeld, als twee spieren identieke veranderingen in EMG activiteit als functie van de taak 
vertonen, is het niet mogelijk om de bijdragen van deze spieren met deze methode te on­
derscheiden. 
Om dit probleem op te lossen hebben we een tweede methode, gebruikmakend van intra­
musculaire EMG metingen, toegepast. Van alle intra-musculaire elektrodes was de isolatie 
over een gelijke afstand (ongeveer 1 mm) verwijderd. Op deze manier is er voor gezorgd 
dat het meetgebied van alle elektrodes nagenoeg gelijk was. De aanname werd gemaakt 
dat de hoeveelheid EMG activiteit, die op deze manier van elke spier werd gemeten, 
correspondeerde met een min of meer gelijk aantal spiervezels. Door de op deze manier 
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gemeten hoeveelheden EMG activiteit te vermenigvuldigen met de fysiologische doorsnede 
van de desbetreffende spier, hetgeen een maat is voor het totale aantal spiervezels van de 
spier konden grove schattingen worden verkregen voor de spierkrachten. Dit betekent 
dat, gebruikmakend van deze methode, grove schattingen konden worden verkregen voor 
de relatieve bijdragen van de verschillende spieren aan het totale elleboogmoment. 
De ïelatieve bijdragen aan het moment die zijn verkiegen met behulp van de tweede 
methode werden vergeleken met de bijdiagen die waien verkregen met behulp van de 
eeiste methode In hoofdstuk 2 wordt een regularizatie methode beschreven, waarbij een 
gewogen gemiddelde wordt berekend van de oplossingen van de eerste en tweede methode. 
De vei houding waarmee de beide oplossingen worden gewogen wordt bepaald door de 
legularizatie paiameter. Met behulp van deze methode was het mogelijk om goede schat-
tingen te verkrijgen voor de bijdragen van de verschillende spieren aan het moment in de 
elleboog voor verschillende taken 
6 .5 .2 H o o f d s t u k 3 
Spierkiachten kunnen worden geproduceerd door middel van verschillende combinaties van 
MU's, elk geactiveerd met haar eigen vuurfrequentie. Voor vele taken bestaat een vaste 
ι err uteri ngsvolgorde waarin de MU's gerecruteerd worden, wanneei men de hoeveelheid 
kiacht langzaam laat toenemen. Deze resultaten suggereren een homogene activatie van de 
motoneuronen vooi deze isometrische taken Enkele studies (Howell et al., 1995; Nardone 
et al.. 1989; Smith et al., 1980) hebben afwijkingen van deze vaste recruteringsvolgorde 
vooi ritmische bewegingstaken gerapporteeid. hetgeen een ander activatie gedrag van de 
motoneuronen voor deze taken suggereert Deze resultaten hebben ons er toe aangezet om 
een studie te verrichten naar het activatie gedrag van MU's tijdens periodieke isometrische 
contracties en ritmische bewegingen van de onderarm. Voor beide taken kan een vergeli­
jkbaar patioon voor de krachten van de elleboog flexorspieren in de tijd worden verwacht. 
Door meer dan één set elektrodes in de spier te plaatsen was het mogelijk om gelijktij-
dig het activatie gedrag van meerdere MU's te meten voor verschillende frequenties voor 
beide taken. Voordat het activatie gedrag van de MU's voor de ritmische taken werd on-
derzocht, werd eerst de isometrische recruteringsdiempel van elke MU bepaald. Dit werd 
Samenvatting 155 
gedaan door de isometrische kracht langzaam te laten toenemenen en te meten bij welk 
krachtniveau de MU werd gerecruteerd. Zoals reeds eerder is besproken, zullen MU's die 
bij relatief lage isometrische krachten gerecruteerd worden over het algemeen langdurige 
krachtpulsen met lage kracht output vertonen, terwijl MU's die gerecruteerd worden bij 
relatief hoge krachtniveau's over het algemeen korte krachtpulsen met hoge kracht output 
vertonen. Deze isometrische experimenten resulteerden in een constante recruteringsvolg-
orde, hetgeen in overeenstemming is met eerdere studies. 
Tijdens de ritmische taken waren de meeste MU's slechts actief voor een specifiek gedeelte 
van de periode. Sommige MU's waren echter helemaal niet actief tijdens sommige taken en 
sommige andere MU's waren actief voor de gehele periode. Van deze laatste MU's bleek de 
vuurfrequentie perodiek te variëren. Door het activatie gedrag voor beide ritmische taken 
te vergelijken bleek dat voor de isometrische taak de spreiding over de verschillende MU's 
in de timing van de actieve fase van een MU binnen de periode significant kleiner was dan 
voor de bewegingstaken. Bovendien bleek dat sommige MU's bij voorkeur werden geac-
tiveerd tijdens de isometrische taken, terwijl andere MU's het tegenovergestelde patroon 
vertoonden en meer geactiveerd werden voor de bewegingstaken dan voor de isometrische 
taken. De resultaten van de experimenten die zijn beschreven in hoofdstuk 3 tonen aan dat 
het activatie gedrag vam MU's significant verschilt voor isometrische taken en bewegingen. 
6.5.3 Hoofdstuk 4 
In tegensteling tot in hoofdstuk 3 wordt in hoofdstuk 4 de taak-afhankelijkheid van het 
spier activatie gedrag onderzocht en niet van het MU activatie gedrag. Zoals reeds eerder 
is beschreven hangt de activatie van spieren van verschillende factoren af. De hoeveelheid 
motorische output samen met de spierlengte en eventuele veranderingen in spierlengte 
bepalen de hoeveelheid spierkracht. De kracht van een spier vermenigvuldigd met de mo-
mentarm van die spier ten opzichte van een gewricht geeft de bijdrage aan het moment 
van die spier ten opzichte van dat gewricht. Ten slotte; de som van de bijdragen aan 
het moment van alle individuele spieren behoort gelijk te zijn aan het totale moment dat 
extern wordt geleverd. In hoofdstuk 4 wordt onderzoek beschreven naar het effect van 
de spierlengte, veranderingen in spierlengte en van het totale geleverde moment op het 
activatiepatroon van verschillende spieren. Hiervoor werden proefpersonen gevraagd om 
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hun pok met een langzame constante snelheid in een bepaalde richting te bewegen, ter-
wijl er een kracht werd uitgeoefend op de pols in een andere richting. Deze experimenten 
werden herhaald voor verschillende armposities. Tijdens alle experimenten werd de arm 
ondersteund in het horizontale vlak op schouder hoogte. EMG signalen werden gemeten 
van velschillende mono- en bi-articulaire schouder en elleboogspieren. Mono-articulaire 
spieren zijn spieren die over één gewricht gespannen zijn. bi-articulaire spieren lopen over 
twee gewrichten. Op deze manier was het mogelijk om het activatie gedrag van verschil-
lende mono- en bi-articulaire spieren als functie van schouder en elleboogmoment en als 
functie van de spierlengte veranderingen te onderzoeken. 
De experimenten beschreven in hoofdstuk 4 tonen aan dat de activatie van de bi-articulaire 
spieren onafhankelijk is van de spierlengte veranderingen en daardoor slechts afhangt van 
de geleverde momenten. In tegenstelling tot dit hangt de activatie van de mono-articulaire 
spieten zowel af van het geleverde moment als van de spierlengte veranderingen. Tijdens 
bewegingen waarbij de spier veikortte werd significant meer EMG activiteit gemeten dan 
tijdens verlengende bewegingen. 
6.5.4 Hoofds tuk 5 
Zoals ieeds eerder is uitgelegd bestaan er meerdere verschillende mogelijkheden om MU's 
te activeren om een gewenste spierkracht te verkrijgen of om de spieren te activeren om 
de gewenste momenten of bewegingen te verkrijgen. Experimenten waarbij spieractivatie 
patronen zijn gemeten voor verschillende taken hebben aangetoond dat voor elke taak 
een nagenoeg constante activatie strategie wordt gebruikt. Dit duidt op het bestaan van 
beperkende factoren welke deze activatie Strategien vastleggen. In de laatste decennia 
zijn verschillende modellen, welke de coördinatie van spieractivatie beschrijven, geopperd. 
Zowel een vergelijk tussen de voorspellingen van deze modellen onderling als ook een 
veigelijk met gemeten data wordt gepresenteerd in hoofdstuk 5. 
Over het algemeen kunnen we de verschillende modellen opdelen in twee groepen. Mo-
dellen van de eerste groep zouden dan grofweg kunnen worden omschreven als modellen 
welke de vrijheid van de vele mogelijke oplossingen beperkt door het opleggen van ex-
tra eisen. Deze eisen kunnen worden opgelegd door het minimalizeren van een bepaalde 
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functie, zoals de totale hoeveelheid spierkracht of de totale hoeveelheid door de spieren 
verbruikte metabolische energie. Dit betekent dat naast het feit dat een spieractivatie 
patroon de gewenste momenten moet leveren, de oplossing ook moet corresponderen met 
de minimale hoeveelheid spierkracht of energie verbruik. Door middel van het toepassen 
van een dergelijke minimalisatie wordt dus één unieke oplossing gevonden en wordt dus 
het redundantie probleem opgelost. 
Naast deze meer fenomenologische modellen uit de eerste groep hebben de modellen uit de 
tweede groep een meer theoretische aard. Deze modellen kunnen worden gekarakteriseerd 
als modellen die eventuele pseudoinverses zoeken. In vergelijking 6.1 werd het product van 
de spierkracht en de momentarm gerelateerd aan het moment in het gewricht. De som over 
alle spieren van de momenten in de gewrichten corresponderend met deze spieren behoort 
gelijk te zijn aan het totale moment. Door beide vergelijkingen te combineren krijgen we 
f = Αφ. (6.9) 
Hierin is TeMn een vector van de η momenten en феШ,т een vector van de m spierkrachten. 
De component А
г] van de matrix A representeert de momentarm van spier j ten opzichte 
van gewricht ι. Aangezien het aantal spieren (τη) groter is dan het aantal gewrichten (n) 
is de matrix A niet vierkant maar rechthoekig (η χ τη). Dit houdt in dat de reguliere 
inverse van А (Л - 1 ) niet bestaat. De reguliere inverse van A is gedefinieerd als die matrix 
(A~l), waarvoor het product van A en A~x van zowel de linkerkant (A~lA) als van de 
rechterkant (AA~l) dezelfde eenheidsmatrix (ƒ) oplevert. Als A rechthoekig is (n x m, 
met m > η), is het mogelijk om een gedeeltelijke inverse te definiëren, bijvoorbeeld slechts 
resulterend in de eenheidsmatrix voor vermenigvuldiging van A met A~l van de linker-
kant. Dit is één van de belangrijkste eigenschappen van de pseudoinverse (A+). Voor 
een complete definitie van de pseudoinverse, zie Ben-Israel en Greville (1974). Het zoeken 
naar eventuele pseudoinverses (A+), welke een gewenste set momenten (T) relateert aan 
een set spierkrachten (φ), zoals is beschreven in vergelijking 6.10 is het onderwerp van 
modellen van de tweede groep. 
Α
+
Τ = φ (6.10) 
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Nawoord 
Ik wil mijn nawoord beginnen met het poneren van deze stelling: 1 + 1 > 2. Het 
lijkt vreemd om deze op het eerste oog zo onlogische stelling te poneren in een proefschrift 
uit het exacte onderzoeksgebied. Echter, als we de stelling toelichten met behulp van 
het volgende voorbeeld wordt het wellicht duidelijker waarom ik deze stelling hier poneer. 
Onderzoeker A en onderzoeker В samen zijn meer dan twee losstaande onderzoekers. Het 
onderlinge contact tussen beide personen werkt als een katalysator voor het werk van beide 
onderzoekers. Het brainstormen met elkaar om tot nieuwe ideëen te komen of het bedis-
cussiëren van eikaars resultaten zorgt ervoor dat het onderzoek van beide onderzoekers 
veel effectiever verloopt dan als beide los van elkaar onderzoek zouden bedrijven. Oftewel, 
om effectief onderzoek te verrichten is het zeer wenselijk, zo niet noodzakelijk om dit te 
kunnen doen binnen een groep meedenkende en kritische collega's. Om deze reden wil 
ik dan ook allereerst Stan Gielen en Adriaan van Oosterom van harte bedanken voor het 
creëeren van een dergelijke werkplek binnen de afdeling Medische fysica en Biofysica. 
Daarnaast zou ik alle collega's binnen en buiten bovengenoemde afdeling, die mij hebben 
geholpen door middel van verhelderende discussies omtrent mijn onderzoek willen be-
danken. Met name wil ik Stan bedanken voor zijn begeleiding gedurende het gehele 
project; Pieter Medendorp en Gerrit-Jan van Ingen Schenau als co-auteurs voor hun bij-
dragen aan de gepubliceerde artikelen; Mare Theeuwen, Adriaan van Oosterom, Thom 
Oostendorp en Tonnie van Moorsel voor de verhelderende discussies en hun hulp bij het 
computer gebruik. Tenslotte wil ik Jaak Duysens en Leo Geeraerdts bedanken voor hun 
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hulp bij het inbrengen van de intra-musculaire EMG elektrodes. 
Bovendien wil ik de administratieve groep, de technische groep en de computergroep van 
de afdeling bedanken voor hun hulp op vele vlakken en op veel momenten. 
Tenslotte bied ik mijn welgemeende excuses aan en wil ik mijn oprechte dank betuigen 
aan eenieder die geheel belangeloos proefpersoon wilde zijn bij mijn experimenten en soms 
urenlang gewichtjes moest voortbewegen met enige naaldelectrodes in zijn of haar arm. 
Nogmaals sorry voor deze kwellingen, maar heel hartelijk bedankt voor jullie hulp. 
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